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Abstract 
 
The economic use of cold-formed steel members means that buckling and the possible loss 
of effectiveness it produces are important features of design. Cross-sectional instabilities in 
laterally-restrained cold-formed steel beams include local and distortional buckling. The 
prediction of the true buckling behaviour of cold-formed steel beams accounting for all 
governing features such as geometrical imperfections, spread of yielding, postbuckling etc. 
has been possible with the development of advanced numerical modelling. In this thesis, the 
finite element (FE) method (ABAQUS) has been used to develop numerical analyses to study 
the buckling behaviour of laterally-restrained cold-formed steel lipped Z-section beams. The 
FE models were verified against a series of four-point bending tests available from previous 
research, with special references to material and geometrical nonlinearities. Two sets of 
analyses have been conducted: FE analyses allowing for both local and distortional buckling 
and ones allowing for local buckling while distortional buckling is restrained using 
appropriate boundary conditions. For the former, the controlling buckling mode (local, 
distortional or combined) at different stages of loading (up to, at and beyond maximum load) 
has been realized. Comparing the results of two sets of analyses, the effect of distortional 
buckling on performance for different geometric proportions has been studied.  
The effect of the lip size, flange width, angle of inclination of the edge stiffener (lip), size 
and position of the intermediate stiffener and material strength as well as the interaction 
between them on both the ultimate strength and the buckling of cold-formed Z-section beams 
has been investigated. Limits for optimum design of the section were proposed. Depending on 
the geometric properties and material strength of the section, transitions between local, 
distortional and combined local/distortional buckling were observed. The lip/flange 
interaction including the interaction between the edge stiffener (lip) and the intermediate 
stiffener was the key governing feature of behaviour.  
The effect of the linear moment gradient and sharply varying bending moment on both the 
ultimate strength and the buckling of cold-formed Z sections was investigated. The latter 
occurred in two-span continuous beams subject to uniformly distributed loading. The results 
of moment gradient cases were compared with those of pure bending cases.  
The suitability of the design treatments available in Eurocode 3 (EC3) for local, combined 
local/distortional and distortional buckling of cold-formed Z-section beams was assessed. 
Overall, the EC3 predictions for cross-sectional bending resistances were unconservative. 
Shortcomings were identified and some suggestions for improvements were made. This 
included improvements in plate buckling factors for edge-stiffened compression flanges.  
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Nomenclature 
English 
Ag           gross cross-sectional area 
b        out-to-out flange width 
bc            out-to-out compression flange width 
bp            effective width of the plate 
bt           out-to-out tension flange width 
c        out-to-out lip width 
d        diameter of the intermediate stiffener 
d1            maximum local buckling imperfection (in Schafer and Peköz’s rule of 
thumb) 
d2            maximum distortional buckling imperfection  
dc            out-to-out compression lip width 
dt            out-to-out tension lip width 
E        modulus of elasticity 
E0            initial elastic modulus 
E0.2            tangent modulus of the stress-strain curve at 0.2% proof stress 
fy            material yield strength 
fya                 average yield strength 
fyb                 basic yield strength 
fu         ultimate strength of the virgin steel material 
h        out-to-out web height 
I        second moment of inertia of the cross-section 
k        numerical coefficient depending on the forming type of cold-formed 
sections 
k1           dimensionless spring stiffness 
kf            buckling factor for the compression flange 
kp        plate buckling factor 
ks           spring stiffness 
L        length of the constant moment span 
MABAQUS         cross-sectional moment capacity obtained from ABAQUS allowing for 
both local and distortional buckling 
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MABQUS,L      cross-sectional local buckling moment capacity obtained from ABAQUS 
Mcrd critical elastic distortional buckling moment 
Mcrl critical elastic local buckling moment 
MDSd cross-sectional moment capacity obtained from the direct strength 
method for distortional buckling 
MDSl cross-sectional moment capacity obtained from the direct strength 
method for local buckling 
MDS(l-d) cross-sectional moment capacity obtained from the direct strength 
method allowing for both local and distortional buckling 
MEurocode,L        cross-sectional local buckling moment capacity obtained from Eurocode  
MEurocode,(L-D)  cross-sectional moment capacity obtained from Eurocode allowing for 
both local and distortional buckling 
My             yield moment 
N          number of o90  bends in the cross-section with an internal radius ri ≤ 5t 
n                   a strain hardening coefficient determining the sharpness of the knee of    
the  stress-strain curve 
n' strain hardening coefficient representing a curve passing through 0.2% 
and 1% proof stresses
 
   
 
0.2,1.0n′            strain hardening coefficient representing a curve passing through 0.2% 
and 1% proof stresses
 
   
 
rdc              outer radius between compression flange and compression lip 
rdt                 outer radius between tension flange and tension lip 
rhc              outer radius between compression flange and web 
rht                 outer radius between tension flange and tension lip 
ri           inside bending radius of the corner 
t
            
thickness 
w                  plate width 
wp                 actual width of the plate 
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Greek 
α                  a coefficient (in Dawson and Walker’s equation) derived from 
experimental data  
β       a coefficient (in Dawson and Walker’s equation) derived from 
experimental data 
ε       engineering strain 
εt,0.2           total strain at 0.2% proof stress 
εt,1.0           total strain at 1% proof stress 
εu          ultimate strain 
θ
          
angle of inclination of the lip 
θc          angle of inclination of the compression lip 
θt          angle of inclination of the tension lip 
λd            distortional buckling slenderness 
λd,Eurocode         distortional buckling slenderness obtained from Eurocode  
λd,CUFSM           distortional buckling slenderness obtained from CUFSM  
ν       Poisson’s ratio 
σ                  engineering stress 
σ0.2           0.2% proof stress 
σ1.0           1% proof stress 
σcr          critical buckling stress 
σy           yield stress 
σu          ultimate stress 
0ω                maximum local buckling imperfection (in Dawson and Walker’s 
equation) 
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Chapter 1 
 
Introduction 
 
1.1 Background 
Cold-formed steel members have been widely used for many years in the steel 
construction industry both as secondary steelwork between the main frames and, 
increasingly, as primary structure where they can lead to a more economical design 
than using hot-rolled steel members. This is due to their higher strength to weight 
ratio and ease of construction. Cold-formed sections are generally manufactured by 
one of two methods: roll-forming and press-braking. The mechanical properties of 
cold-formed sections are different from those of hot-rolled sections due to the cold-
forming operations. Cold-formed sections exhibit pronounced increases in material 
yield strength in the corners of the section. This is accompanied by a severe decrease 
in ductility and the disappearance of the yield plateau. Cold-formed sections cannot 
generally attain their full strength based on the amount of material in the cross-section 
due to the potentials for different modes of buckling.  
The economic use of cold formed sections invariably involves members containing 
thin plate elements, with the likelihood that plate buckling will influence behaviour 
and will therefore be a feature that will require appropriate treatment in design. Such 
buckling (Chilver 1961) was originally thought to take the form of nodal modes, for 
which deformations are confined to the plate elements themselves with the nodal lines 
(corner junctions) remaining straight. Plate width to thickness ratios, plate edge 
conditions and the stress distribution across the plate ends were identified as the main 
controlling variables. This led to the definition of limits below which local buckling 
would not occur (the so-called Class 3 /4 or “Compact /Slender” boundary) and the 
use of the effective width concept as a relatively simple way of including local 
buckling effects in the design of cross-sections containing one or more Class 4 plate 
elements.  
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However, with the ability to roll-form ever more complex shapes, the competition 
between manufacturers to devise economic products and the expansion of research 
activity worldwide in the subject area came the realisation that forms of buckling 
involving deformations of the nodal lines were also possible. This form of behaviour 
is normally termed distortional buckling. Early design rules for cold formed sections 
did not recognise its existence – presumably on the basis that the then current ranges 
of available shapes were such that it had not been observed in tests. The presumption 
must therefore be that the early ranges of such shapes had proportions that 
automatically excluded (or at least minimised) this particular form of buckling. This is 
no longer the case as is evident from studies by Hancock et al. (2005), Schafer and 
Peköz (1998a) and many other investigators.  
Design rules for cold formed sections have, until quite recently, been very largely 
based on test data since theory was unable to model sufficiently realistically the 
complex interactive buckling behaviour of these sections, including allowances for 
important governing features such as spread of yielding, residual stresses, initial 
geometrical imperfections, postbuckling etc. However, the finite element method 
(FEM) has matured sufficiently – assisted by the rapid growth of computing power – 
that, nowadays, true ultimate strength solutions that include all important checks and 
that permit the generation of the full load – deformation history are possible. 
1.2 Local and distortional buckling 
Local buckling is normally defined as a mode that involves deformations of some 
or all of the individual plate elements forming a cross section – possibly involving 
sympathetic deformations of adjacent plate elements – but with their junctions 
remaining straight. It is normal to ignore the actual physical nature of these junctions, 
regarding them as sharp corners. Typical modes of local buckling in the elastic range 
comprise a series of smooth half waves; as failure is approached and some yielding is 
initiated deformations concentrate into one critical region.  
Distortional buckling involves deformations of the junctions between plate 
elements.  For the particular case illustrated in Figure 1 the lip size is insufficiently 
stiff to hold the flange/lip junction straight under the action of the compressive 
stresses in both components. The realities of the rolling process require some 
curvature of the corners, which, together with the attraction of splayed lips to assist 
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easy nesting and simpler erection, further tend to reduce their effectiveness. 
Distortional buckling is characterized by intermediate wavelengths between those of 
local buckling and lateral-torsional buckling.  
Design methods to cater for local buckling are well established, with variants of 
the effective width approach being widely used in codes (Ghersi et al. 2004). More 
recently, the so called Direct Strength Method, in which elastic buckling analysis for 
the whole cross-section is first conducted so as to allow for interactions between all 
the plate elements and an empirical conversion of the resulting elastic critical load 
into a true maximum strength follows, has found favour in American and Australian 
codes. It has the advantage that the initial (finite strip) elastic buckling analysis 
automatically identifies the mode of buckling (local, distortional or combined) 
associated with the lowest buckling load. Even more recently the so called 
Continuous Strength Method (Gardner and Ashraf 2006) has been advanced as a way 
of covering local buckling without the need to determine effective section properties.  
EC3 uses a rather complex iterative process to allow for the possibility of combined 
local/distortional buckling, with the former being covered by the use of effective 
widths and the latter by assessing the ability of internal and/or edge stiffeners to 
remain straight using a strut on elastic foundation analogy.  
 
 
 
Figure 1.1 Distortional buckling (Yu 2005) 
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1.3 Edge and intermediate stiffeners in cold-formed steel Z-
section beams 
Compression flanges with free edges do not perform well under bending due to the 
displacement of the free edge (distortional buckling). An adequate lip (edge stiffener) 
provides fully effective longitudinal support to the compression flange so as the 
flange/lip junction remains straight. Therefore, the lip size-to-flange width ratio 
(lip/flange interaction) is the most influential feature of a cold-formed lipped Z 
section on both the ultimate strength and the buckling of the member. It should be 
noted that the deviation of the edge stiffener from the right angle changes the restraint 
effect of the lip on the compression flange and, therefore, the lip/flange interaction 
behaviour.  
Intermediate stiffeners located in the compression flange of cold-formed Z sections 
improve the local buckling strength of the compression flange and, therefore, the 
cross-sectional bending resistance. This is due to a smaller width-to-thickness ratio 
(local buckling slenderness) of the flange sub-element than that of the original flange 
element. The position of the intermediate stiffener in the compression flange as well 
as the shape and size of the intermediate stiffener affects both the cross-sectional 
moment capacity and the buckling of the member.   
1.4 Numerical modelling 
With the development of advanced numerical modelling it has become possible to 
capture all important facets of performance of a structure. The finite element method 
(FEM) is an approximate numerical procedure to solve complex problems in 
mechanics of continua. The commercial displacement-based FE software package 
ABAQUS (2007) has been used throughout this study to find the unstable equilibrium 
path for geometrically and constitutively nonlinear problems in structural mechanics. 
However, suitable care is needed to ensure that the model and the input parameters 
are appropriate. The ultimate strength of cold-formed steel members is significantly 
affected by the shape and amplitude of initial geometric imperfections. Therefore, it is 
essential to obtain an accurate determination of geometric imperfections, especially 
when modelling problems involving complex interactive buckling. The choice of a 
suitable nonlinear stress-strain relationship is also one of the main challenges in the 
FE modelling of cold-formed steel members.  
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1.5 Aims and objectives 
Cold-formed steel sections are most commonly used as individual structural 
members acting in bending e.g. purlins. However, most of the existing research 
investigations in the area of cold-formed steel sections cover members loaded in 
compression only. Therefore, there is a need to better understand the behaviour and 
design of cold-formed steel beams. 
The behaviour of laterally-restrained cold-formed steel beams is complex due to 
their potential for local and distortional buckling. This becomes even more 
complicated in the event of local-distortional interaction buckling. Tests are costly 
and provide only limited information about the behaviour. For example, it is difficult 
to recognise a local-distortional interaction buckling failure in tests, with the result 
that the failure mode is generally reported as local or distortional buckling which 
might not correspond to the structural actions initiating the failure. This is due to the 
fact that the failure mode in the test is generally judged from the deformed shape only. 
It is also difficult to identify the controlling influences at different stages of loading 
i.e. up to, at and beyond failure, as the focus is generally on completion of the test.  
Analytical methods have been shown to be incapable of solving the postbuckling of 
cold-formed steel beams allowing fully for geometrical and material nonlinearities. 
The Finite Element (FE) method has, however, been shown in the present study to be 
suitable for solving the geometrically and constitutively nonlinear postbuckling 
analysis of cold-formed steel beams, permitting the generation of the full load-
deflection history with corresponding stress and strain distributions. Therefore, the 
full understanding of the buckling behaviour of cold-formed steel beams has been 
achieved in the present study.    
The finite element modelling of cold-formed steel beams under local buckling has 
been undertaken by previous researchers such as Yu and Schafer (2003), however; all 
of them prevented the distortional buckling mode in their models by directly 
simulating the sheeting in the test. This leads to a complicated FE model which 
requires considerable computational time to produce the results. Furthermore, the 
simulated sheeting might suffer from local buckling itself and fail to fully restrain 
distortional buckling in the model. Increasing the thickness of the simulated sheeting 
might solve the problem but this produces an artificial increase in local buckling 
strength. In the present study, a time-efficient approach using the springs instead of 
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sheeting has been introduced to effectively restrict the distortional buckling mode in 
the models without artificially increasing the local buckling strength. The 
development of an FE model allowing for local buckling only, together with an FE 
model allowing for the possibility of combined local/distortional buckling, was a 
primary feature of the present study at: 
• Estimating the detrimental effect of distortional buckling on the ultimate 
strength of the member, depending on the geometrical properties of the 
cross-section such as lip size-to-flange width ratio and lip angle.  
• Estimating the accuracy of design treatments for local buckling and 
distortional buckling separately.  
Limited experimental studies by previous researchers have revealed the importance 
of edge stiffeners (lips) in cold-formed steel beams. However, little information on the 
importance of lip/flange interaction and angle of inclination of the edge stiffener is 
available. In the present study, the effect of lip size-to-flange width ratio as well as lip 
angle on both the ultimate strength and the transitions between different buckling 
modes (local, distortional or combined) has been investigated. 
Arising directly from observing a disappointing lack of increased bending 
resistance in line with increased material strength from previous experiments was the 
main motivation for the present study. A full scale numerical investigation of the 
effect of high strength steels on buckling behaviour of cold-formed steel beams was 
considered to be necessary in order to provide an explanation.  
The importance of intermediate stiffeners in the compression flange of cold-
formed steel beams has been studied by previous researchers. However, there is no 
information available on the importance of the position of such intermediate stiffeners 
in edge-stiffened compression flanges. In the present study, the effect of this 
parameter on both the cross-sectional bending resistance and the buckling of the 
member has been studied.  
Cold-formed sections are most commonly used as purlins in roofs arranged as two-
span beams subject to uniformly distributed loading (UDL). The effect of linear 
moment gradient on the buckling behaviour of the member has been studied by 
previous researchers, however; no investigation has been done on the effect of the 
sharply varying bending moment that occurs at the central support in two-span beams 
under UDL. A numerical investigation has been conducted in the present study to 
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understand the buckling behaviour under sharply varying bending moment and its 
effect on load-carrying capacity.  
Many investigations have looked at the accuracy of the American, Canadian and 
Australian design rules for cold-formed steel beams under local and distortional 
buckling but there is little information available on the suitability of the European 
design rules. In the present study, the accuracy of the current Eurocode 3 for local and 
distortional buckling of cold-formed steel beams has been checked and some 
improvements proposed.      
1.6 Scope and outline of the thesis 
Chapter 2 provides a brief overview of the most relevant literature for the buckling 
behaviour and design of laterally-restrained cold-formed steel Z-section beams, with 
special references to material and geometric nonlinearities.  
Chapters 3 and 4 deal with finite element modelling of cold-formed steel Z-section 
beams in ABAQUS, with special references to material and geometric nonlinearities. 
A more efficient approach than the conventional method of feeding the automatically 
generated buckling shapes from the ABAQUS elastic buckling analysis into the 
ABAQUS nonlinear analysis has been employed to define the shape and distribution 
of initial imperfections. The sensitivity of the FE models to the magnitude of initial 
imperfections has been addressed. Different stress-strain relationships have been 
assessed to find an appropriate material model for the FE simulations. In chapter 3, 
the FE models allow for the possibility of combined local/distortional buckling. The 
distortional buckling, four-point bending, tests carried out by Yu and Schafer (2006) 
have been used to validate the FE models of chapter 3. In chapter 4, the FE models 
allow for local buckling while distortional buckling is effectively restricted. With the 
development of two sets of FE models, one allowing for both local and distortional 
buckling and one allowing for local buckling only, it has been possible to assess the 
extent to which distortional buckling affects the flexural behaviour of cold-formed 
steel sections. The assessment of suitability of the design treatments for local 
buckling, distortional buckling and combined local/distortional buckling has also been 
possible using the FE models of chapters 3 and 4. The local buckling, four-point 
bending, tests performed by Yu and Schafer (2003) have been used to verify the FE 
models of chapter 4. Distortional buckling was restricted in Yu and Schafer’s local 
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buckling tests using the through-fastened panels. An investigation has been made in 
chapter 4 to obtain a suitable boundary condition to represent the inhibiting effect of 
sheeting on distortional buckling of the top flange.  
Chapters 5 and 6 provide a series of finite element analyses to examine the effect 
of the lip/flange interaction on both the ultimate strength and the buckling of laterally-
restrained cold-formed Z-section beams. Chapter 5 deals with the cross-sections with 
upright edge stiffeners while the effect of inclination of the edge stiffener has been 
taken into account in chapter 6. Transitions between different modes of buckling 
(local, distortional and combined local/distortional), depending on the lip/flange 
interaction behaviour, have been realized with the aid of the finite element method. 
The buckling behaviour of the FE models has been monitored up to, at and beyond the 
maximum load (failure load) so that changes in the deformed shape and stress 
distribution at different stages of loading can be studied. With this simple but 
worthwhile facet of the FE models, it has been possible to compare the controlling 
influence at the maximum load and that as deformations increase and load gradually 
falls – this is generally missed in tests where emphasis is placed on the deformed 
shape at completion of the test.   
Chapter 7 provides a full-scale numerical investigation on the use of high strength 
steels for laterally-restrained cold-formed Z-section beams. The relationship between 
the cross-sectional geometry (lip/flange interaction) and the extent of benefit from 
high strength steels on cross-sectional moment capacity has been investigated.  
Chapter 8 deals with cold-formed Z sections with both edge and intermediate 
stiffeners for their compression flanges. The effect of the position as well as the size 
of intermediate stiffeners on both the ultimate strength and the buckling of laterally-
restrained cold-formed Z-section beams has been examined using a series of finite 
element analyses.  
In chapters 5 to 8, the accuracy of the European design rules for local, distortional 
and combined local/distortional buckling of the investigated cold-formed Z-section 
beams has been examined, shortcomings have been identified and some suggestions 
for improvements made. 
Chapter 9 provides a comparison study between two different loading systems for 
laterally-restrained cold-formed Z-section beams: pure bending and non-pure bending 
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(moment gradient). The buckling behaviour of two-span continuous beams subject to 
uniformly distributed loading has been investigated.  
Chapter 10 provides conclusions for the present study and some suggestions for 
further study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10 
 
Chapter 2 
 
Literature review 
 
2.1 Introduction 
The present study deals with the buckling behaviour and design of laterally-
restrained cold-formed steel Z-section beams, with special references to material and 
geometric nonlinearities. The most relevant literature including experimental and 
numerical studies is reviewed in the present chapter with regard to this subject.  
2.2 Existing investigations on the behaviour of cold-formed 
steel sections under bending 
The inelastic behaviour of cold-formed sections in compression has been studied 
by several researchers but little investigation has been carried out into the behaviour 
of cold-formed sections subjected to bending. The prediction of the ultimate bending 
capacity of laterally-restrained cold-formed steel sections is complicated due to the 
potential for local, distortional and combined local/distortional buckling. 
Winter (1947), LaBoube and Yu (1978), Desmond et al. (1981), Elhouar and 
Murray (1985), Cohen (1987), Willis and Wallace (1990), Ellifritt et al. (1992), 
Schuster (1992), Moreyra (1993), Shun et al. (1994), Moreyra and Peköz (1994), 
Rogers and Schuster (1995), Ellifritt et al. (1997), Yu (2005), Yu and Schafer 
(2003,2006) and, Wang and Zhang (2009) carried out a number of bending tests on 
laterally braced cold-formed steel C and Z sections with edge stiffened flanges. Konig 
(1978), Papazian et al. (1994) and Desmond et al. (1978) performed a number of 
bending tests on cold-formed steel hat sections with intermediate stiffeners.  
Yu and Schafer (2003) carried out a series of four-point bending tests on local 
buckling of lipped C and Z sections for which distortional buckling and lateral-
torsional buckling were restricted, as shown in Figure 2.1(a). Their study was focused 
on the role of web slenderness in local buckling failure of these sections. The test 
consisted of a pair of 5.5 m long C or Z specimens in parallel and oriented in an 
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opposed fashion. Yu and Schafer used a through-fastened panel attached to the 
compression flange of the specimens to restrict the distortional buckling mode in the 
members. Their main challenge was to find appropriate locations for panel-to-purlin 
fasteners to restrict distortional buckling without artificially increasing the local 
buckling strength. The importance of the deck fastener’s location was also 
demonstrated by Willis and Wallace (1990). Yu and Schafer’s local buckling tests 
have been used in chapter 4 of the present study to validate the FE models used for 
local buckling analyses in chapters 5 and 6.  
Yu and Schafer (2006) also performed a series of four-point bending tests on 
distortional buckling of lipped C and Z sections for which lateral-torsional buckling 
was restricted, as shown in Figure 2.1(b). The panel they used in their local buckling 
tests (2003) to connect the compression flanges of two specimens in the constant 
moment span was removed so that distortional buckling was free to occur in the pure 
bending region. Distortional buckling occurred prior to local buckling in most of their 
tests with an average strength loss of 17% when compared with the same section 
where distortional buckling was restricted and the failure initiated by local buckling. 
Yu and Schafer’s distortional buckling tests have been used in chapter 3 of the present 
study to verify the FE models used for combined local/distortional buckling analyses 
in chapters 5 to 8.  
Distortional buckling includes two possible buckling modes: lip/flange distortional 
buckling and flange/web distortional buckling. The latter initiates by the rotation of 
the lip/flange corner about the flange/web corner but is influenced by the lateral 
movement of the flange/web corner near ultimate failure. This mode of buckling 
includes transverse bending of the web element. Figure 2.2 shows the difference 
between lip/flange and flange/web distortional buckling. Rogers and Schuster (1997) 
used the existing test data on flange/web distortional buckling of cold-formed C and Z 
sections to investigate the accuracy of the various analytical methods in predicting the 
bending resistances for the sections failing by this mode of buckling. In the present 
study, the lip/flange distortional buckling of cold-formed lipped Z sections has been 
studied as the lateral movement of the web/flange corner does not occur due to the 
lateral restraints employed in the considered FE models.   
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                                                                     (a) 
 
 
 
 
 
(b) 
Figure 2.1 Four-point bending tests carried out by Yu and Schafer (2003) (a) local 
buckling tests; (b) distortional buckling tests  
 
 
 (a)                                    (b) 
Figure 2.2 Distortional buckling modes (Rogers and Schuster 1997) (a) lip/flange 
distortional buckling; (b) flange/web distortional buckling 
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Moreyra and Peköz (1994) studied the behaviour of the compression lip in lipped 
channel flexural members. Their tests were carried out in a vacuum box allowing a 
uniform load to be applied on two laterally braced beams at once. The ultimate 
capacity of the section was found to be particularly sensitive to the brace details since 
the test series with steel decks fastened to both top and bottom flanges resulted in the 
highest failure load. Moreyra and Peköz used ABAQUS to develop numerical models 
verified against their test results. They found that there is an optimum lip size beyond 
which no further increase in the bending capacity of the section is achieved since the 
lip becomes very slender and, therefore, suffers from local buckling itself. This 
indicates that cold-formed sections are sensitive to local buckling of an individual 
element. Willis and Wallace (1990) carried out a series of gravity loading tests on 
lipped C and Z sections. They found that there was a decrease in flexural capacity of 
the section beyond a certain lip length; this is consistent with the research done by 
Desmond et al. (1981) and the 1980 AISI code. Willis and Wallace proposed the 
upper limit of 0.46 for the lip size-to-flange width ratio beyond which the premature 
buckling of the compression lip results in reduction in the section flexural capacity. 
The importance of the edge stiffener was also demonstrated by Wang and Zhang 
(2009). In chapter 5 of the present study, a full scale numerical investigation has been 
made to study the effect of the lip/flange interaction on the buckling behaviour of 
cold-formed lipped Z sections under bending.  
Cold-formed steel members are most commonly subjected to uniformly distributed 
transverse loads. Therefore, pure bending of cold-formed sections is an ideal case 
which does not happen in reality. Chu et al. (2005) used a semi-analytical method to 
investigate the local and distortional buckling behaviour of cold-formed lipped C 
sections subjected to two loading systems, uniformly distributed loading and pure 
bending. It was illustrated that, for local buckling, no practical difference existed in 
the critical buckling loads between two loading systems. However, for distortional 
buckling, the critical buckling load for uniformly distributed loading system was 
significantly higher (10% on average for beams between 3 to 6 m in length) than that 
for pure bending system. Furthermore, it was found that the difference in the critical 
buckling loads between two loading systems was reduced by increasing the beam 
length. Yu and Schafer (2007) studied the influence of moment gradient on the 
distortional buckling strength of cold-formed C and Z-section beams. They performed 
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a series of elastic buckling analyses for constant moment and linear moment gradients 
in ABAQUS. It was observed that the elastic distortional buckling moment can be 
increased by up to 50% for a moment gradient resulting in double-curvature 
distortional buckling in the beam. Yu and Schafer proposed an empirical equation to 
determine the elastic distortional buckling moments for different linear moment 
gradients. They also studied the effect of moment gradient on ultimate distortional 
buckling strength using the nonlinear FE model previously validated against their 
four-point bending tests (2003, 2006). Moment gradient was achieved by modifying 
the original four-point bending arrangement to a single concentrated load applied in 
the middle of the simply supported beam. It was found that the ultimate distortional 
buckling moment was increased by 15% on average due to the presence of linear 
moment gradients. Wang and Zhang (2009) performed four-point bending tests as 
well as non-pure bending tests on cold-formed C sections, as shown in Figure 2.3. 
They found that the presence of the moment gradient had little effect on the bending 
strength for the tested lipped channel sections failing by local buckling or local-
distortional interaction buckling, however; significant increases in bending strengths 
were observed for the sections failing by distortional buckling. In chapter 9 of the 
present study, the buckling behaviour of lipped Z-section beams under three different 
loading systems has been investigated and the results compared:  
• Four-point bending (pure bending): The FE model has been verified against 
four-point bending tests carried out by Yu and Schafer (2006). 
• Linear moment gradient: The validated four-point bending FE model has been 
modified in the same way as Wang and Zhang (2009) did in their research (see 
Figure 2.3).  
• Sharply varying bending moment: Uniformly distributed load has been applied 
on a two-span continues beam. 
 
 
 
 
 
15 
 
 
    (a)                                                          (b) 
Figure 2.3 Bending tests carried out by Wang and Zhang (2009) (a) pure bending 
tests; (b) non-pure bending tests 
 
The behaviour of C and Z sections with inclined edge stiffeners is different from 
that of common lipped C and Z sections, especially when they are subjected to 
bending. However, little investigation has been done in this area. Wang and Zhang 
(2009) observed that the bending strengths for the sections with upright edge 
stiffeners were higher than those for the sections with inclined edge stiffeners in both 
pure bending and non-pure bending tests. In chapter 6 of the present study, a 
comprehensive numerical investigation has been made to study the effect of the angle 
of inclination of the edge stiffener on the buckling behaviour of cold-formed lipped Z 
sections under bending.  
The strength prediction of cold-formed sections with intermediate stiffeners has 
been shown to be difficult. Konig (1978) carried out four-point bending tests on hat 
sections with one and two intermediate stiffeners. The work of Konig (1978) and 
Höglund (1980) formed the basis for the Eurocode for intermediate stiffeners. 
Papazian et al. (1994) provided experimental results on hat shaped beams loaded 
uniformly in a vacuum rig. They used multiple intermediate stiffeners up to four in 
the compression flange of the members. Desmond et al. (1978) performed two-point 
bending tests on hat sections with one intermediate stiffener. Their work formed the 
basis for the AISI Specifications for single intermediate stiffeners. Schafer and Peköz 
(1997) carried out comprehensive parametric studies using ABAQUS to investigate 
the flexural behaviour of cold-formed hat sections with intermediate stiffeners. They 
verified their FE models against the experimental data provided by Konig (1978) and 
Papazian et al. (1994). Constant moments were applied to the beam ends in FE 
models such that the members were subjected to pure bending. The failure was 
observed to be local buckling followed by stiffener buckling. It was found that the 
bending strength of the section was not significantly increased by increasing the 
16 
 
number of intermediate stiffeners beyond two. A Nonlinear increase in bending 
strength was observed by increasing the size of the stiffeners. Sections with a single 
stiffener were found to be more sensitive to changes in the stiffener size. It was 
illustrated that the overall slenderness of the compression flange governed the flexural 
behaviour of the sections with multiple stiffeners. Finally, the interaction between 
local and distortional buckling was found to be more significant for the sections with 
a single stiffener. There are several approaches to predict the ultimate strength of 
cold-formed sections with intermediate stiffeners. A modified form of Winter’s 
equation was proposed by Kwon and Hancock (1992) to evaluate the effective section 
based on the distortional buckling stress. This was later modified by Schafer and 
Peköz (1997) to include both local and distortional buckling stresses. In chapter 8 of 
the present study, a full scale numerical study has been conducted to study the 
buckling behaviour of cold-formed Z-section beams with both edge and intermediate 
stiffeners in their compression flanges.  
Postbuckling of compression elements is of major importance in the analysis of 
thin-walled beams. The theoretical analysis of postbuckling of plates is complex.  To 
avoid this complex analysis in design, Von Karman (1932) first proposed the concept 
of effective width to account for the behaviour of a buckled plate. In this concept, the 
non-uniform stress distribution over the full width of the compression flange after 
buckling is substituted by an equivalent uniform stress distribution over an effective 
width of the compression flange. The intensity of the uniform stress is equal to the 
maximum stress at the edge of the compression flange. Von Karman suggested the 
following equation for the effective width of a bucked plate: 
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where wp and bp are the actual and effective width of the plate, respectively, tp is the 
plate thickness, kp is the plate buckling factor, fy is the material yield strength, E is the 
modulus of elasticity and ν is the Poisson’s ratio. Figure 2.4 shows the effective stress 
distributions in stiffened and unstiffened buckled plates.  
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Von Karman’s formula was calibrated by Winter (1947) for cold-formed members. 
The effective width method was initially used to account for the local buckling of 
stiffened and unstiffened elements; however, it has now been extended to the 
distortional buckling of stiffened elements. Schafer and Peköz (1999) carried out 
nonlinear finite element analyses in ABAQUS to study the postbuckling behaviour of 
cold-formed lipped C and Z section beams in the local and distortional buckling 
modes. It was concluded that the postbuckling capacity in the local buckling mode 
was higher than that in the distortional buckling mode; this was also observed 
experimentally by Hancock et al. (1994). Schafer and Peköz illustrated that the final 
failure mechanism was controlled by the distortional buckling mode even in cases 
when the local buckling stress was lower than the distortional buckling stress. 
Moreover, it was shown that the distortional failure was more sensitive to the initial 
imperfection than the local failure. The interactive behaviour of thin-walled sections 
caused by simultaneous buckling loads has been studied by several researchers such 
as Koiter and Pignataro (1974) and, Mulligan and Peköz (1984).  They found that the 
interaction between different modes of buckling had a destabilizing influence on the 
postbuckling behaviour of the section. The local-distortional interactive buckling 
behaviour of cold-formed Z-section beams has been studied throughout the present 
work.  
 
 
                       (a)                                                                        (b) 
Figure 2.4 Effective stress distributions in buckled plates (Von Karman 1932)  
(a) stiffened plate; (b) unstiffened plate 
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The accuracy of the various design methods for cold-formed steel flexural 
members has been investigated by a number of researchers. Flexural tests carried out 
by Willis and Wallace (1990), Ellifritt et al. (1992), Schuster (1992) and, Moreyra and 
Peköz (1994) revealed the unconservative nature of the AISI specifications. Moreyra 
and Peköz concluded that modifications in the flange and web effective width 
formulations were necessary since the web height and the flange width affected the 
correlation between ABAQUS and AISI. Yu and Schafer (2003) checked the 
suitability of the American Specification (AISI 1996), Canadian Standard (S136 
1994), North American Specification (NAS 2001), Australia/New Zealand Standard 
(AS/NZS 4600 1996), European Standard (EN1993 2002) and direct strength method 
(Schafer and Pekoz 1998a; DSM 2004) in predicting the ultimate local buckling 
moments for the lipped C and Z specimens in their local buckling tests. Their main 
focus was on the web slenderness λweb and the calculation of the web effective width. 
They found that the considered design methods generally provided slightly 
unconservative strength predictions for the slender members but quite conservative 
results for the stocky members that exhibited inelastic reserve capacity i.e. Mtest > My. 
Among the considered design methods, the EN1993 Specification (2002) provided the 
best agreement with the test results for both slender and stocky specimens. The direct 
strength method (DSM 2004), which is a fundamentally different approach from the 
conventional design methods such as AISI, S136 and NAS, showed different trends as 
a function of web slenderness. Overall, the direct strength method (DSM) provided 
higher strength predictions than the considered conventional methods for the members 
with λweb < 1.1 but lower strength predictions for the members with λweb > 1.3. Yu and 
Schafer (2006) investigated the accuracy of the AISI (1996), NAS (2001), AS/NZS 
4600 (1996), CSA S136 (1994), EN1993 (2002) and DSM (2004) in predicting 
bending strengths for their tested lipped C and Z specimens failed by distortional 
buckling. The AISI (1996), NAS (2001) and CSA (1994) methods provided highly 
unconservative strength predictions as no procedure for distortional buckling was 
available in these design methods. The EN1993 (2002) approach, which included 
some measures for distortional buckling, was 4% unconservative on average. The 
AS/NZS 4600 (1996) method and DSM (2004) provided explicit procedures for 
distortional buckling and hence produced the best strength predictions. The 
distortional buckling procedures available in the AS/NZS 4600 (1996) and DSM 
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(2004) are based on the work of Hancock (1997) and Schafer and Pekoz (1998a), 
respectively. Both procedures require calculation of the elastic critical distortional 
buckling moment. In the present study, the suitability of the local and distortional 
buckling procedures available in the European design code (2006a,b) for cold-formed 
steel Z-section beams has been checked, shortcomings have been identified and some 
suggestions for improvements made.  
2.3 Material properties for cold-formed steel members 
The cold-forming operation has a significant influence on the material properties of 
steel. Comprehensive investigations on the mechanical properties of cold-formed steel 
sections have been conducted by several researchers.  
The mechanical properties for cold-formed sections are generally evaluated from 
tensile and compression coupon tests. However, the direction from which the coupons 
are cut has a significant role in determining the mechanical properties. Rogers and 
Hancock (1997) conducted a total of three hundred tensile coupon tests on high 
strength G550 sheet steels produced using a cold reduction process. They observed 
that the coupons cut from the transverse direction exhibited the least amount of 
elongation before fracture. Ye (2005) performed several tensile and compression tests 
on G550 sheet steels. It was observed that the yield and ultimate stresses for the 
transverse coupons were considerably higher (about 20% and 15% respectively) than 
those for the longitudinal coupons. Furthermore, they found that the Young’s modulus 
E was also direction-dependent since higher values for E were observed in the 
transverse direction than in the longitudinal direction. It has been demonstrated by a 
number of researchers such as Ye (2005) that the material properties obtained from 
compression coupon tests are higher than those obtained from tensile coupon tests.  
Cold-formed sections do not exhibit a sharp yield point as for hot-rolled steel 
sections. A number of tensile coupon tests were carried out by Young and Rusmussen 
(1998). The coupons were cut from the centre of the web plate of finished press-
braked channel sections in the longitudinal direction. The resulting stress-strain 
curves demonstrated the gradual yielding behaviour of the material with no defined 
sharp yield point, as shown in Figure 2.5. The gradual rounded out stress-strain curves 
were also observed in tensile coupon tests conducted by Sivakumaran (1987). He took 
the coupons from the flat portions of cold-reduced perforated lipped channel sections 
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in the longitudinal direction. Due to the gradual yielding behaviour of the material, it 
is most common to define the yield stress using the usual 0.2% offset method as 
shown in Figure 2.5(b). Rasmussen et al. (2006) simulated stub angles of G550 sheet 
steels in ABAQUS using two different material models: the measured actual stress-
strain curves obtained from Ye’s (2005) tensile coupon tests and the bilinear elastic-
perfectly plastic stress-strain curves with the same yield stresses as the measured 
0.2% proof stresses. They observed 13% reduction on average in the ultimate strength 
of the stub columns (with intermediate slenderness) when they used the actual stress-
strain curves rather than the bilinear elastic-perfectly plastic stress-strain curves. This 
reduction in the ultimate strength of the members is due to the gradual yielding of 
cold-formed steels. In chapter 3 of the present work, the bending resistances for cold-
formed Z-section beams using the gradual yielding behaviour for material modelling 
have been compared with those using the linear elastic material behaviour i.e. sharp 
yield point. The gradual rounded out stress-strain curves using the usual 0.2% offset 
method for yield strengths have been used for the material modelling of cold-formed 
Z-section beams throughout the present study.  
 
          (a)                                                                         (b) 
Figure 2.5 Gradual yielding behaviour of cold-formed steel sections (Young and 
Rusmussen 1998) (a) complete stress-strain curve; (b) initial part of stress-strain curve 
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It has been most common to describe the nonlinear stress-strain behaviour of cold-
formed sections by an expression originally proposed by Ramberg and Osgood (1943) 
and modified by Hill (1944):  
n
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where σ and ε are the engineering stress and strain, respectively, E0 is the initial 
elastic modulus, σ0.2 is the 0.2% proof stress and n is a parameter determining the 
sharpness of the knee of the stress-strain curve.  
The Ramberg-Osgood expression was originally developed for aluminium alloys but 
has been proven to be suitable for other metals with nonlinear stress-strain behaviour. 
Modifications to the basic Ramberg-Osgood expression have been proposed by a 
number of researchers. Mirambell and Real (2000) presented a two-stage model using 
two Ramberg-Osgood curves. They proposed the basic Ramberg-Osgood expression 
up to 0.2% proof stress and used a second Ramberg-Osgood curve beyond 0.2% proof 
stress up to ultimate stress. The 0.2% proof stress was defined as the origin of the 
second curve with the continuity of the magnitude and gradient at the transition point. 
Rasmussen (2003) carried out further work on this two-stage model and proposed the 
following expression for the stresses beyond 0.2% proof stress: 
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where σu and εu are the ultimate stress and strain, respectively, and E0.2 is the tangent 
modulus of the stress-strain curve at 0.2% proof stress. 
Gardner and Nethercot (2004) noted two drawbacks caused by using the ultimate 
stress in the second Ramberg-Osgood curve. First, there is no ultimate stress in 
compression due to the absence of the necking phenomenon and, therefore, the model 
is not applicable to the compressive stress-strain behaviour. Second, the ultimate 
strain is far higher than the strains due to general structural response, resulting in 
greater deviation between the modelled and measured stress-strain curves than if a 
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lower strain was used. Therefore, Gardner and Ashraf (2006) presented the following 
expression for the second phase of the two-stage model using 1% proof stress in place 
of the ultimate stress: 
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where 0.2,1.0n′  is the strain hardening coefficient representing a curve passing through 
σ0.2  and σ1.0. 
Feng et al. (2003) proposed a multi-linear stress-strain curve based on their tensile 
coupon tests, as shown in Figure 2.6. The coupons were taken from cold-formed thin-
walled channel sections. In their model, the elastic behaviour of the material is 
represented by a linear segment with the slope equal to the measured elastic modulus 
E up to a limit stress “fp = 0.7 fy” where fy is the 0.2% proof stress. A bilinear 
representation up to fy with an intermediate point at the stress of 0.875 fy is used to 
idealize the gradual yielding behaviour of the material. A considerable period of strain 
hardening is represented by a linear segment with three different proposed values for 
the tangent modulus E3 (E3 = E/50, E/100 and E/200). Moreyra and Peköz (1994) also 
proposed a tri-linear stress-strain curve for the material modelling of their cold-
formed lipped channel sections in ABAQUS.  
In chapter 3 of the present study, the bending resistances for cold-formed Z sections 
using three different material models were determined and compared: 
• Continuous material model represented by compound Ramberg-Osgood 
stress-strain relationship (Gardner and Ashraf 2006). 
• Two-stage material model: The basic Ramberg-Osgood expression up to 0.2% 
proof stress and a straight line with a constant slope of E0/50 to represent 
strain hardening. 
• Two-stage material model: The basic Ramberg-Osgood expression up to 0.2% 
proof stress and a flat yield plateau. 
• Two-stage material model: The linearly elastic stress-strain relationship up to 
0.2% proof stress and a flat yield plateau. 
The compound Ramberg-Osgood stress-strain relationship proposed by Gardner and 
Ashraf (2006) has been used for the material modelling of cold-formed Z-section 
beams throughout the present study.  
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Figure 2.6 Multi-linear stress-strain relationship for cold-formed steel sections, 
proposed by Feng et al. (2003) 
 
The cold-forming process particularly affects the corner regions in cold-formed 
steel sections. Abdel-Rahman and Sivakumaran (1997) carried out 32 tensile coupon 
tests. The coupons were cut from different positions of cold-rolled lipped channel 
sections as shown in Figure 2.7. The resulting stress-strain curves for the coupon tests 
are shown in Figure 2.8. It was observed that the tensile coupons cut from the web 
and the flange of the sections had the same mechanical properties, which were also 
similar to that of the virgin steel sheet. This indicates that the cold-rolling process has 
minimal effect on the material properties of the flat regions. The tensile coupons cut 
from the corner regions revealed that due to the large plastic deformations caused by 
the cold-forming operation, considerable increases in the yield and ultimate strength 
of material occurred at and around the corners of the section accompanied by a severe 
decrease in ductility and the disappearance of the yield plateau and strain hardening 
range. It was observed that the increase in material strength at the areas adjacent to the 
corners was not as significant as that at the corners. Moreover, Abdel-Rahman and 
Sivakumaran found that the steel grade affected the yielding type of the tensile 
coupons since some of the coupons cut from section B (grade 33 steel) exhibited 
either a sharp or mixed yielding behaviour rather than the gradual yielding behaviour 
common in cold-formed steel sections. The tension tests carried out by Karren and 
Winter (1967), Dunda and Kemp (2006) and Guo et al. (2006) showed the same 
results as those obtained by Abdel-Rahman and Sivakumaran.  In Dunda and Kemp’s 
tension tests, the coupons were cut from the web, corner and flange parts of the cold-
formed channel sections in the longitudinal direction. The resulting stress-strain 
curves are shown in Figure 2.9. They also found that the percentage increase in the 
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corner yield strength was considerably higher than that in the corner ultimate strength. 
Guo et al. (2006) conducted a total number of 66 tensile coupon tests including 18 flat 
coupons taken from the virgin steel sheet and, 24 flat and 24 corner coupons cut from 
the cold-formed thick-walled SHS and RHS steel sections with plate thicknesses from 
8 to 12 mm. They found that the ratios of the yield strength of the flat and corner 
coupons to the yield strength of the virgin material were, on average, 1.04 and 1.44 
respectively. The ratios of the elongation at fracture of the flat and corner coupons to 
that of the virgin material were found to be, on average, 0.87 and 0.39 respectively.  
 
 
                                      (a)                                                                   (b) 
Figure 2.7 Coupons cut from cold-formed steel sections (Abdel-Rahman and 
Sivakumaran 1997) (a) type A: 203×1.91 mm; (b) type B: 101.5×1.22 mm 
 
 
 
                                    (a)                                                                    (b) 
Figure 2.8 Stress-strain curves for cold-formed steel sections (Abdel-Rahman and 
Sivakumaran 1997) (a) type A: 203×1.91 mm; (b) type B: 101.5×1.22 mm 
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Figure 2.9 Stress-strain curves for cold-formed steel sections (Dunda and Kemp 2006) 
 
Based on a substantial number of coupon tests, Karren (1967) proposed the 
following semi-empirical model to predict the strength enhancement at the corners of 
cold-formed steel sections: 
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where fy and fu are the yield and ultimate strength of the virgin steel material, t is the 
thickness of the flat steel sheet and ri is the inside bending radius of the corner.  
Abdel-Rahman and Sivakumaran (1997) observed that the ∆fy(corner)/fy ratios 
obtained from their tensile coupon tests ranged between 0.40 to 0.74 of those 
predicted by Karren’s model. They proposed to use Karren’s model but with a 
modification factor of 0.6 as follows: 
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The strength enhancement in the corners of cold-formed steel sections is also taken 
into account in EN 1993-1-3 (2006) by considering the average yield strength fya 
obtained from the following equation for the entire cross-section.  
( ) g2byubyay /AtNkffff −+=           ,          ( ) 2/fff byuay +≤                           (2.12) 
where: 
fyb  is the basic yield strength. 
fu   is the ultimate strength.  
Ag  is the gross cross-sectional area. 
k    is a numerical coefficient depending on the forming type as follows: 
      k = 7     for cold-rolling 
      k = 5     for other methods of forming 
N   is the number of o90  bends in the cross-section with an internal radius r ≤ 5t 
      (fractions of o90  bends should be counted as fractions of N). 
t     is the nominal core thickness of the steel material before cold-forming 
(excluding of metal and organic coatings). 
The enhanced strength due to cold-forming operations should be extended beyond the 
curved corners of cold-formed sections in numerical analyses. Karren (1967) found 
that for cold-formed steel sections, the enhancement of the corner strength was 
included beyond the corners to a distance equal to the thickness of the section. Abdel-
Rahman and Sivakumaran (1997) defined the corner zones for enhanced yield 
strength in cold-formed steel lipped channel sections, as shown in Figure 2.10 where r 
is the inside corner radius. 
 
 
Figure 2.10 Definitions for flat and corner zones in a cold-formed steel lipped channel 
section (Abdel-Rahman and Sivakumaran 1997) 
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Manufacturing of cold-formed members induces substantial residual stresses along 
the cross section and length of these members. Residual stresses play a significant role 
in determining the behaviour and strength of cold-formed sections. Measurements of 
the residual stresses in cold-formed steel sections have been often done by destructive 
methods in the laboratory. Batista and Rodrigues (1992) used the sectioning method 
to measure the distribution of longitudinal residual stresses in both press-braked and 
roll-formed channel sections with the same cross-sectional dimensions. They found 
that the residual stresses in roll-formed sections were larger than those in press-braked 
sections. This indicates that the magnitude of residual stresses is influenced by the 
amount of cold work. Laboratory measurements of the longitudinal residual stresses 
performed by Weng and Peköz (1990) showed that the corner regions of the section 
had higher magnitudes of residual stresses than the flat portions of the section. 
Furthermore, they found that the outer surface of the section was subject to tensile 
residual stresses while the inner surface was subject to compressive residual stresses. 
Weng and Peköz (1990) observed residual strains up to 40% of the yield strain in the 
flat portions of their channel sections. Abdel-Rahman and Sivakumaran (1997) 
measured the surface strain of cold-formed steel channel sections and found that the 
magnitude of the tensile residual stress on the outside surface was very close to that of 
the compressive residual stress on the inside surface. A similar result was illustrated 
theoretically by Ingvarsson (1979). This implies that the residual stress in a thin cold-
formed steel section varies linearly from tension to compression through the thickness 
with a zero stress at the centre line of the section. It was also illustrated by Abdel-
Rahman and Sivakumaran (1997) that the longitudinal direction of a cold-formed 
section was the principal residual stress direction indicating that the magnitude of the 
transverse residual strain was not as significant as that of the longitudinal residual 
strain. The experimental investigations mentioned above provided the measured 
residual stresses only at the faces of the sections and not through the thickness due to 
the small plate thickness.  
Laboratory measurements of residual stresses are time-consuming and their results 
often possess limited accuracy. Moreover, it is often not possible to find a clear 
relationship between residual stresses and various steps of the fabrication process. 
More accurate predictions of residual stresses in cold-formed sections have been 
made by modelling the residual stresses due to cold bending. Invarsson (1975), Kato 
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and Aoki (1978) and Rondal (1987) modelled a wide plate under pure bending as a 
plane strain problem. They used an incremental numerical process and assumed an 
elastic-perfectly plastic stress-strain relationship for the steel following the von Mises 
yield criterion and the Prandtl-Reuss flow rule. It was found that complex residual 
stress variations existed through the plate thickness indicating that it is difficult to 
verify such variations by laboratory measurements for thin sections. Quach et al. 
(2006) proposed an alternative approach of numerical prediction of residual stresses 
in cold-formed sections. They studied the residual stresses induced due to cold 
bending of press-braked operations, using the finite element simulation of the press-
braking process. The coiling-uncoiling process was also considered in their study 
using an analytical solution presented by Quach et al. (2004) and the results of this 
source defined the initial state of a steel sheet before the simulation of cold bending in 
press-brake operations. It was concluded from their study that the maximum residual 
stresses in press-braked sections occurred in the corner regions of the section and 
away from the surfaces indicating that the assumption of linear variation for residual 
stresses across the plate thickness is underestimated. Furthermore, they noted that the 
coiling curvature had a significant effect on the distributions of residual stresses in the 
flat portions of the section. This indicates that different residual stresses in the flat 
portions of identical cold-formed sections may occur.  
Residual stresses in cold-formed steel sections consist of two fundamental 
components, the flexural component and the membrane component, as shown in 
Figure 2.11. Ingvarsson (1975), Dat and Peköz (1980), Weng (1987), Batista and 
Rodrigues (1992), Kwon (1992), Key and Hancock (1993) and Bernard (1993) 
measured different components of residual stresses in press-braked and rolled-formed 
cold-formed steel members. Large magnitudes for flexural residual stresses with a 
large degree of variations were observed in these experimental studies. It was also 
shown that the membrane residual stresses are more common in roll-formed sections 
than in press-braked sections. Schafer and Peköz (1998b) collected and analysed the 
existing experimental data and proposed the average values for flexural residual 
stresses for different elements of a cold-formed steel section as shown in Figure 2.12. 
It was also illustrated by Schafer and Peköz that if large membrane residual stresses in 
the corners of a cold-formed section are modelled in numerical or analytical studies 
then the increased yield stress in these regions should be modelled as well. 
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Conversely, if the membrane residual stress is ignored then the increased yield stress 
should be ignored as well.  
In the present study, the beneficial effect of the enhanced yield strength at the 
corner regions of cold-formed sections is believed to be offset by the detrimental 
effect of the membrane residual stresses at these regions. Therefore, none of these 
effects were included in the FE models throughout this study as suggested by Schafer 
and Peköz (1998b). The flexural residual stresses were also ignored in the present 
study due to the large degree of variations in the existing measured magnitudes and 
little knowledge about the distributions.  
 
 
                                              (a)                          (b) 
Figure 2.11 Fundamental components of residual stresses (Schafer and Peköz 1998b) 
(a) flexural residual stresses; (b) membrane residual stresses 
 
 
 
                                                (a)                                          (b) 
Figure 2.12 Average flexural residual stresses as %fy in cold-formed steel sections 
(Schafer and Peköz 1998b) (a) rolled-formed section; (b) press-braked section 
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2.4 Geometric imperfections for cold-formed steel members 
Deviation of the member from perfect geometry is called geometric imperfection. 
Depending on the shape and magnitude of geometric imperfections, the ultimate 
strength of cold-formed steel members can be significantly affected due to the 
presence of initial imperfections. Measurement of geometric imperfections has been 
studied by several researchers such as Invarsson (1977), Thomasson (1978), Dat and 
Peköz (1980), Mulligan (1983), Kwon (1992), Bernard (1993) and Lau (1998). They 
have measured two types of imperfections (Figure 2.13): type 1, maximum local 
imperfection in a stiffened element (local buckling mode) and type 2, maximum 
deviation of a lip or unstiffened flange from straightness (distortional buckling mode). 
Shafer and Peköz (1998b) proposed some rules of thumb for each type of 
imperfections as follows: 
• For type 1 imperfection: 
      w0.006d1 ≈                                                                                           (2.13) 
      
t2
1 et6d −=                                                                                             (2.14) 
• For type 2 imperfection 
      td2 =                                                                                                      (2.15) 
where d1 and d2 are shown in Figure 2.13, w is the plate width and t is the thickness of 
the plate. 
Equations (2.13) and (2.14) apply for width to thickness ratios less than 200 and 
Equation (2.15) applies to width-to-thickness ratios less than 100. Equation (2.13) is 
derived from a simple linear regression based on the plate width and Equation (2.14) 
is based on an exponential curve fit to the thickness. The thickness of the plate should 
be less than 3 mm. Schafer and Peköz (1998b) also carried out a probabilistic study on 
the maximum imperfection amplitude. They treated the maximum imperfection 
magnitude as a random variable and ignored any trend in the data associated with 
slenderness or thickness of the plate. Shafer and Peköz provided histograms for type 1 
and type 2 imperfections (Figure 2.14) and numerically estimated the cumulative 
distribution function (CDF) values for each type (Table 2.1). The P (∆ < d) = 0.25 
indicates that a typical member is expected to have maximum imperfections less than 
“d1 = 0.14t and d2 = 0.64t” 25% of the time. It was suggested by Schafer and Peköz 
that two analyses, one with 25% CDF value and one with 75% CDF value, are 
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conducted to cover the middle 50% CDF value. Equations (2.13) to (2.15) do not 
provide a complete characterization of imperfection magnitude (Schafer and Peköz 
1998b) and hence have not been used in the present study. The CDF magnitudes 
proposed by Schafer and Peköz (1998b) have been used to obtain the imperfection 
amplitudes for the FE models throughout this study.  
 
 
                                               (a)                                     (b) 
 
Figure 2.13 Definitions for geometric imperfections (Schafer and Peköz 1998b)  
(a) type 1: local imperfections; (b) type 2: distortional imperfections 
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       (a) 
 
         (b) 
Figure 2.14 Histograms for geometric imperfections (Schafer and Peköz 1998b)  
(a) histogram of type 1 imperfections; (b) histogram of type 2 imperfections 
 
Table 2.1 CDF values for maximum imperfections (Schafer and Peköz 1998b) 
P (∆ < d) 
type 1 type 2 
d1/t d2/t 
0.25 0.14 0.64 
0.50 0.34 0.94 
0.75 0.66 1.55 
0.95 1.35 3.44 
0.99 3.87 4.47 
Mean 0.50 1.29 
St. dev. 0.66 1.07 
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Dawson and Walker (1972) presented three models to estimate the magnitude of 
the local imperfections oω  as follows: 
t0.2ω0 =                                                                                                            (2.16) 
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where: 
σy and σcr are the yield stress and the critical buckling stress respectively. 
α and β are the coefficients derived from experimental data. 
t is the thickness of the section.  
Equation (2.16) is a simple model related to the thickness of the section. A multiple of 
the section thickness as the imperfection amplitude has been employed by several 
researchers such as Moreyra and Pekoz (1994) and Schafer and Peköz (1997) (0.1t). 
Dawson and Walker noted that a fixed multiplier of the plate thickness was not 
suitable as a general parameter for all plates. Equations (2.17) and (2.18) are more 
general and sophisticated where the term (σy/σcr) represents the slenderness of the 
plate. Dawson and Walker recognized that Equation (2.17) was more rational than the 
other two equations. They found that a value of α equal to 0.2 yielded the best fit to 
test data for simply supported plates. The Equation (2.17) with “α = 0.2” can be used 
for square hollow sections since the plate elements of such sections can be considered 
as simply supported plates. However, this is not the case for Z sections and hence 
Dawson and Walker’s proposal for local imperfections has not been applied to the FE 
models in the present study due to the lack of information.  
Elastic buckling analysis is the most commonly used technique to define the shape 
and distribution of initial imperfections. The lowest Eigenmode is often selected as 
the shape of the initial geometry of the structure (Moreyra and Pekoz 1994; Wang and 
Zhang 2009). However, this is not always the case and selecting an appropriate 
Eigenmode is sometimes very challenging since it should represent the buckling 
modes which are triggered in the member. Kwon and Hancock (1993) found that the 
mode of imperfection had a more significant effect on the behaviour of their sections 
than the amplitude of initial imperfections. Yu (2005) used the finite strip software 
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CUFSM (Schafer 2001) to obtain the shape of initial imperfections but no detail was 
provided. Little investigation has been done to examine actual imperfection 
distributions along the length of cold-formed steel members. Schafer and Peköz 
(1998b) measured the imperfections for 11 nominally identical specimens using a 
milling machine. The drill bit of the milling machine was replaced with a direct 
current differential transformer (DCDT). The imperfection signals and Fourier 
transforms for all 11 specimens were provided as shown in Figure 2.15. The average 
transform shown in Figure 2.16 is termed an imperfection spectrum which can be 
used to create a complete artificial imperfection pattern. In the present study, the finite 
strip software CUFSM (Schafer 2006) has been used to obtain the shape of initial 
imperfections for both local and distortional buckling modes for all FE models; full 
details have been provided in chapter 3.  
 
 
Figure 2.15 Imperfection signals and Fourier transforms for 11 specimens (Schafer 
and Peköz 1998b) 
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Figure 2.16 Imperfection spectrum (average transform) (Schafer and Peköz 1998b) 
 
2.5 Conclusions  
The present chapter provides the review of the most relevant literature with regard 
to the research area of the present study, the buckling behaviour and design of 
laterally-restrained cold-formed steel Z-section beams with special references to 
material and geometric nonlinearities. Findings from several of these studies have 
been used selectively in the various numerical investigations reported in chapters 3 to 
10 of this study.  
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Chapter 3 
 
Finite element analysis of laterally-restrained cold-
formed steel beams for combined local/distortional 
buckling  
 
3.1 Introduction  
Numerical methods are capable of solving the complex interactive buckling of 
cold-formed steel members allowing for all important governing features such as 
geometrical imperfections, residual stresses, spread of plasticity, postbuckling etc.; 
this is unlikely to be achieved by analytical methods. The commercial displacement-
based finite element (FE) software package ABAQUS (2007) has been used 
throughout this thesis to find the unstable equilibrium path for geometrically and 
constitutively nonlinear problems in structural mechanics. 
In this chapter, the four-point bending tests carried out by Yu and Schafer (2006) 
have been used as a basis for developing finite element analyses which allow for the 
possibility of combined local/distortional buckling as well as geometrical and material 
nonlinearities.       
3.2 Experimental investigation 
Numerical investigations carried out throughout this thesis to study the flexural 
behaviour of cold-formed Z sections under local and distortional buckling have been 
based on the distortional buckling tests performed by Yu (2005) (Yu and Schafer 
2006). The tests were conducted in a four-point bending arrangement and consisted of 
a pair of 5.5 m long lipped Z-section beams in parallel, oriented in an opposed 
fashion, with 4.9 m span. Figure 3.2 shows the basic arrangement of four-point 
bending test and the overall view of the test setup. A pin-roller arrangement was 
provided at the supports, as shown in Figure 3.3. Small angles (32×32×1.45 mm) 
were attached to the tension flanges of two specimens every 305 mm, as shown in 
Figure 3.4, to ensure they act as a unit. A through-fastened panel with the thickness of 
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0.48 mm was attached to the compression flanges of two specimens in the shear span. 
Figure 3.5 shows the plan view of the panel-to-purlin screws. One screw was placed 
at the centre of the compression flange and spaced 203 mm away from a second screw 
in the pan of the deck. This panel-to-purlin configuration restricted distortional 
buckling in the shear spans and provided lateral restraints to the member against 
lateral-torsional buckling. Hot-rolled tubes (254×191×152×6 mm) were bolted to the 
webs of two specimens at the loading points and the supports, as shown in Figure 3.4, 
to avoid shear and web crippling problems at these locations. Hot-rolled angles were 
bolted to the webs of the specimens and the end plates, as shown in Figure 3.6, to 
prevent any crippling or rolling at the supports. The members were loaded at 1/3rd 
points using an 89 kN MTS actuator; the test was carried out in displacement control 
at a rate of 0.038 mm/s. A total of 18 Z-section beams with 9 nominal cross-sections 
were tested. Table 3.1 shows the dimensions and material strength fy of the tested 
cross-sections. The notation used for the dimensions, shown in Figure 3.1, is defined 
as follows: 
 
h    out-to-out web height 
bc   out-to-out compression flange width 
bt   out-to-out tension flange width 
dc   out-to-out compression lip width 
dt   out-to-out tension lip width 
θc   angle of inclination of the compression lip 
θt   angle of inclination of the tension lip 
rhc  outer radius between compression flange and web 
rht  outer radius between tension flange and web 
rdc  outer radius between compression flange and compression lip 
rdt  outer radius between tension flange and tension lip 
t     base metal thickness 
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Table 3.1 Geometry and material strength for distortional buckling tests carried out by 
Yu (2005) 
Test lable Specimen 
h 
(mm)  
bc 
(mm) 
dc 
(mm) 
θc 
(deg) 
bt 
(mm) 
dt 
(mm) 
θt 
(deg) 
rhc 
(mm) 
rdc 
(mm) 
rht 
(mm) 
rdt 
(mm) 
t 
(mm) 
fy 
(MPa) 
D8.5Z120-
4E1W 
D8.5Z120-4* 214 67 24 54.2 63 25 50.2 9 9 9 9 3.00 422.7 
D8.5Z120-1 214 67 24 48.1 64 25 52.1 9 9 9 9 3.00 426.4 
D8.5Z115-
1E2W 
D8.5Z115-2 217 65 23 49.0 61 23 48.3 9 9 9 9 2.97 441.9 
D8.5Z115-1* 216 68 21 48.3 63 22 48.3 9 9 10 10 2.96 453.3 
D8.5Z092-
3E1W 
D8.5Z092-3* 213 66 24 51.9 61 24 51.6 7 7 8 8 2.27 396.8 
D8.5Z092-1 214 66 24 52.4 61 24 50.9 7 7 8 8 2.28 397.9 
D8.5Z082-
4E3W 
D8.5Z082-4* 215 64 24 48.5 61 25 51.3 7 7 8 8 2.06 407.9 
D8.5Z082-3 216 64 24 49.9 60 24 49.5 7 7 8 8 2.06 406.4 
D8.5Z065-
7E6W 
D8.5Z065-7* 216 63 21 50.0 63 21 49.3 8 8 9 9 1.63 429.6 
D8.5Z065-6 217 63 22 53.0 62 21 48.3 8 8 9 9 1.64 436.4 
D8.5Z065-
4E5W 
D8.5Z065-5 216 60 17 51.3 64 23 47.2 7 7 7 7 1.64 432.6 
D8.5Z065-4* 213 61 21 47.3 57 16 51.2 8 8 7 7 1.57 401.4 
D11.5Z092
-3E4W 
D11.5Z092-4 285 88 24 48.7 87 23 49.6 8 8 8 8 2.10 481.6 
D11.5Z092-3* 286 87 23 49.3 88 22 49.5 8 8 8 8 2.26 483.1 
D11.5Z082
-3E4W 
D11.5Z082-4* 290 87 22 48.4 86 22 49.9 8 8 8 8 2.06 507.4 
D11.5Z082-3 288 87 24 50.2 87 24 51.0 8 8 8 8 2.08 494.7 
*controlling specimens in tests 
 
 
 
 
Figure 3.1 Definitions for cross-sectional dimensions 
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 (a) 
 
 
(b) 
Figure 3.2 Distortional buckling tests (Yu 2005) (a) basic arrangement of four-
point bending test; (b) overall view of testing setup 
  
 
 
Figure 3.3 Pin-roller configuration at supports (Yu 2005) 
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Figure 3.4 Hot-rolled tubes bolted to the webs of two specimens and small angles 
screwed to the tension flanges of two specimens (Yu 2005) 
 
 
Figure 3.5 Plan view of screw locations for panel-to-purlin connection (Yu 2005)  
 
 
 
Figure 3.6 Hot-rolled angles bolted to the webs of specimens and the end plates 
(Yu 2005) 
pan pan pan 
panel rib panel rib 
compression  
      flange 
screw 
203 mm 102 mm 
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3.3 Development of FE models 
The general purpose finite element (FE) package ABAQUS (2007) has been used 
in this chapter to generate the numerical models which allow for both local and 
distortional buckling in cold-formed Z-section beams. Both geometrical and material 
nonlinearities were included in the FE models. The distortional buckling, four-point 
bending, tests carried out by Yu (2005) (Yu and Schafer 2006) have been used to 
validate the numerical models.  
3.3.1 FE models arrangement 
Two different arrangements were considered for the FE models: 
• Double-member models: the entire test setup was modelled. This included 
two specimen beams, the through-fastened panels and the hot-rolled tubes.  
• Single-member models: only one specimen beam was modelled and the 
other components of the test were simulated using appropriate stiffeners 
and boundary conditions.  
Figure 3.7 shows the overall arrangement for the double-member models. The two 
Z-section beams were modelled in an opposed fashion with 254 mm distance between 
their webs. The hot-rolled tubes were modelled as rectangular tubes, with sharp 
corners, with the thickness of 6 mm and the length of 162.7 mm. Four bolts were used 
in the test to connect each hot-rolled tube to the web of each specimen beam (see 
Figure 3.4). These bolts were simulated using the “*Tie” option in ABAQUS. At each 
beam-to-tube connection, four nodes of the tube were tied to the web of the beam. 
The global displacements as well as the global rotations are equal for the two nodes 
connected using the “*Tie” option. This assumes a “perfect” no-slip bolt in the test. 
The through-fastened panel of each shear span was modelled as a flat plate with the 
thickness of 0.48 mm and the length of 1931.7 mm. The panel-to-purlin screws were 
simulated using the “*Tie” option in ABAQUS. The nodes of the panel were tied to 
the compression flanges of two specimens at the same locations as the screws in the 
test (see Figure 3.5). The small angles in the test (see Figure 3.4) were simulated 
using the “*Link” option available in the Multi-Point Constraint “*MPC” library in 
ABAQUS. The tension flanges were linked together at their central nodes every 305 
mm along the length of the beams. This imposes a fixed distance between the two 
nodes and, therefore, the small angles in the test are assumed to be axially rigid. The 
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hot-rolled angles used at the supports in the test (see Figure 3.6) were simulated using 
the plate stiffeners of 3 mm thickness and 162.7 mm length. The plate stiffeners were 
tied to the tension flange-to-web corners of the beams at the supports. The tubes and 
corner plate stiffeners were assumed as rigid bodies by setting an artificially high 
elastic modulus E of 2030 GPa. All the other components of the model were assigned 
the elastic modulus of “Esteel = 203 GPa”. The beams were restricted, at their ends 
under their tension flanges, against transverse and vertical movements as well as out-
of-plane and torsional rotations; the beams were restricted against the longitudinal 
movement at the mid-span under their tension flanges. Therefore, the symmetric 
simply supported condition was adopted for the beams. It was revealed that the 
double-member models can be unstable due to localized instabilities resulting in local 
transformation of strain energy from one part of the model to the neighbouring parts. 
Therefore, the global solution methods such as modified Riks method may not work 
and the nonlinear static problem needs to be solved either dynamically or using an 
artificial damping. The general static analysis with automatic stabilization has been 
used in ABAQUS for the double-member FE models (*Static,Stabilize=2×10-4). The 
value of 2×10-4 was set as the dissipated energy fraction of the automatic damping 
algorithm. The analysis was carried out in a displacement control using the 
“*Boundary,Type=Displacement,Amplitude” option in ABAQUS, where a tabular 
form with direct input of absolute magnitudes was considered for the amplitude-time 
definition (*Amplitude,Definition=Tabular,Value=Absolute). The displacements were 
applied at 1/3rd points of the beams to the top of the tubes as shown in Figure 3.7. The 
typical input file for double-member FE models is available in Appendix B1. 
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Figure 3.7 Double-member FE model arrangement 
applied displacement 
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Although modelling the entire test setup provided better duplication of the test, it 
required considerable computational time to obtain the results. Figure 3.8 shows the 
overall arrangement for the single-member models. The nodes of the compression 
flange corresponding to the locations for the panel-to-purlin screws in the test were 
restricted against transverse direction; this provided effective lateral restraint against 
lateral-torsional buckling of the beam. It was revealed that the distortional buckling 
mode occurred only in the constant moment span and hence no extra boundary 
condition was needed in the shear spans. The plate stiffeners, with the thickness of 6 
mm and the length of 162.7 mm, were attached to the web of the beam at the supports 
and loading points. These plate stiffeners, which correspond to the hot-rolled tubes in 
the test, prevented any localized failure in the web at these locations. The “*Tie” 
option was used in ABAQUS to tie four nodes of each plate, corresponding to the 
locations for the bolts in the test, to the web of the beam. Since the hot-rolled tubes in 
the test provided additional constraint against lateral-torsional instability of the two 
specimens, two nodes of each 1/3rd-located plate stiffeners (plate stiffeners located at 
loading points) were restricted against transverse movement. Additional plate 
stiffeners, with the thickness of 3 mm and the length of 162.7 mm, were attached to 
the tension flange-to-web corner of the beam at the supports. These plate stiffeners, 
which correspond to the hot-rolled angles in the test, prevented any localized failure at 
these corners. All plate stiffeners were assumed as rigid bodies by setting an 
artificially high elastic modulus E of 2030 GPa while “Esteel = 203 GPa” was assigned 
to the beam. The symmetric simply supported condition, as adopted for double-
member models, was employed for the beam in single-member models. The nonlinear 
static problem of single-member models was solved using the modified Riks method 
“*Static,Riks” in ABAQUS. The modified Riks method solves the problem 
simultaneously for loads and displacements; it uses the “arc length” along the static 
equilibrium path in load-displacement space. The concentrated loads were applied at 
1/3rd points of the beam on the central node of the plate stiffener as shown in Figure 
3.8. The typical input file for single-member FE models is available in Appendix B2. 
 
 
 
 
45 
 
 
 
 
 
 
 
 
 
Figure 3.8 Single-member FE model arrangement 
applied load 
lateral restraint  
lateral restraint  
plate stiffener  
Support condition  
Support condition  
Support condition  
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3.3.2 Element type and mesh 
Shell elements were used in ABAQUS modelling since the thickness of cold-formed 
sections is significantly smaller than the other dimensions. The general-purpose S4R 
elements, which are 4-noded quadrilateral shell elements with reduced integration, 
were used for all the components of FE models. Over the cross-section of the beam a 
typical mesh used five elements for the lip, four for the corner region, eight for the 
flange and twelve for the web. The mesh size was 10.2 mm in the longitudinal 
direction. The adopted mesh produced good agreement with test results and hence no 
further refinements were made as a part of this study.  
3.3.3 Geometric imperfections 
A particular challenge when modelling problems involving complex interactive 
buckling modes is the choice of initial geometrical imperfections. Since both local 
and distortional buckling are likely to occur in FE models, the imperfection shape 
should be taken as a superposition of the local and distortional buckling modes scaled 
to the appropriate imperfection amplitudes. Two different methods were used to 
define the shape and distribution of initial imperfections for FE models: 
• Using elastic buckling analysis in ABAQUS (2007) 
• Using finite strip software CUFSM (Schafer 2006) 
An elastic buckling analysis was performed in ABAQUS to obtain appropriate 
Eigenmodes for local and distortional buckling. These buckling modes were fed into 
the nonlinear analysis to define the shape and distribution of initial imperfections. 
Figure 3.9 shows local and distortional buckling modes obtained from the elastic 
buckling analysis in ABAQUS for the section D8.5Z120-4. It was observed that 
distortional buckling was the first (lowest) Eigenmode with 3 half-waves along the 
constant moment span while local buckling was found to be the 9th Eigenmode with 
13 half-waves.  
It was found to be difficult to obtain an appropriate Eigenmode representative of 
pure local buckling along the constant moment region for some of the sections. The 
pure local buckling mode for these sections might be achieved at a very high 
Eigenmode but it requires considerable computational time. It was found that feeding 
an inappropriate buckling mode from the elastic buckling analysis into the nonlinear 
analysis, for the shape and distribution of geometric imperfections, could result in an 
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unexpected failure mode and bending resistance for the FE models. Therefore, it was 
decided to generate the shape and distribution of initial imperfections manually with 
the aid of the finite strip software CUFSM.  
The finite strip software CUFSM, which implements the classical finite strip 
method, examines and calculates all elastic buckling modes of a simply-supported 
thin-walled member of arbitrary cross-section. The classical finite strip method uses 
polynomial functions for the deformed shape in the transverse direction while a single 
half sine wave is used for the longitudinal shape function. The Matlab version of 
CUFSM 3.12 (Schafer 2006) has been used in this study, rather than the Standalone 
version, in order to obtain the magnitude and direction of the deformation for each 
cross-sectional node in the buckled shape; this is not possible in the Standalone 
version. The material properties, nodes and elements of the cross-section should be 
the same as those adopted in ABAQUS modelling. The lengths at which the cross-
section is analysed are termed the half-wavelengths. The elastic buckling analysis in 
CUFSM is performed for systematically increasing half-wavelengths to obtain the 
shapes and load factors for the buckling modes of the member. These half-
wavelengths should correspond to the lines of nodes created along the member in 
ABAQUS modelling. The material properties, nodes, elements and half-wavelengths 
are defined in the “pre2.m” file available in the “interface” folder. Figures 3.10 and 
3.11 show the buckling curve obtained from CUFSM for the section D8.5Z120-4. The 
minima of the buckling curve correspond to the critical half-wavelengths and load 
factors. The minimum, which occurs at a much shorter half-wave length, provides the 
shape and elastic critical moment (load factor×My) for the local buckling mode of the 
member, as shown in Figure 3.10. The second minimum in the buckling curve, which 
occurs at a half-wave length between those of local buckling and lateral-torsional 
buckling, provides the shape and elastic critical moment for the distortional buckling 
mode, as shown in Figure 3.11. The magnitudes and directions for the deformations 
for cross-sectional nodes are available in the three-dimensional output array “shapes” 
in the Workspace. Therefore, the shape of initial imperfections was obtained from 
CUFSM for local buckling and distortional buckling separately. For the distribution of 
initial imperfections along the constant moment span, sinusoidal functions were used 
to generate 3 half-waves for distortional buckling and 13 half-waves for local 
buckling.  
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(a) 
 
 
 
 (b) 
 
Figure 3.9 Buckling modes obtained from elastic buckling analysis in ABAQUS for 
section D8.5Z120-4 (a) distortional buckling mode; (b) local buckling mode 
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Figure 3.10 Local buckling mode obtained from CUFSM for section D8.5Z120-4 
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Figure 3.11 Distortional buckling mode obtained from CUFSM for section 
D8.5Z120-4 
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Schafer and Peköz (1998b) proposed the cumulative distribution function (CDF) 
values for the maximum imperfections for type 1 (local buckling d1) and type 2 
(distortional buckling d2); see 2.4 for details. The CDF values have been used in this 
study to obtain appropriate amplitudes for the initial geometric imperfections. Three 
analyses were conducted for each FE model to allow the imperfection sensitivity to be 
addressed: 
• FE model using 25% CDF magnitude; “d1/t = 0.14” for local buckling and 
“d2/t = 0.64” for distortional buckling. 
• FE model using 50% CDF magnitude; “d1/t = 0.34” for local buckling and 
“d2/t = 0.94” for distortional buckling. 
• FE model using 75% CDF magnitude; “d1/t = 0.66” for local buckling and 
“d2/t = 1.55” for distortional buckling. 
Figures 3.12 to 3.19 show the force-displacement responses for the single-member 
FE models with different CDF magnitudes and those for the tests. The controlling 
specimens in the tests (see Table 3.1) have been considered for the single-member FE 
models. A compound Ramberg-Osgood expression proposed by Gardner and Ashraf 
(2006) was adopted for the material behaviour in the FE simulations (see 3.3.4). It 
was illustrated in Figures 3.12 to 3.19 that the ultimate strengths for the cold-formed 
Z-section beams were sensitive to the amplitude of initial imperfections since 
significant vertical difference between the peaks for the 25% and 75% CDF load-
deflection curves of a FE model was observed. It was observed that all CDF load-
deflection curves of a FE model were in qualitative agreement; this indicated that the 
failure mechanism was not altered for varying imperfection amplitudes (CDF 
magnitudes).  
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Figure 3.12 Comparison of single-member FE models with test for D8.5Z115-1E2W 
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Figure 3.13 Comparison of single-member FE models with test for D8.5Z120-4E1W 
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Figure 3.14 Comparison of single-member FE models with test for D8.5Z092-3E1W 
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Figure 3.15 Comparison of single-member FE models with test for D8.5Z082-4E3W 
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Figure 3.16 Comparison of single-member FE models with test for D8.5Z065-7E6W 
 
0
1
2
3
4
5
6
7
0 10 20 30 40 50 60 70 80 90 100
  FE-25% CDF
  FE-50% CDF
  FE-75% CDF
  Test
 
 
Figure 3.17 Comparison of single-member FE models with test for D8.5Z065-4E5W 
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Figure 3.18 Comparison of single-member FE models with test for D11.5Z092-3E4W 
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Figure 3.19 Comparison of single-member FE models with test for D11.5Z082-5E4W 
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Table 3.2 compares the bending resistances obtained from the single-member FE 
models with different CDF values and those obtained from the tests. Overall, the 
ultimate moment capacities obtained from the FE models with 25% CDF values were 
6% unconservative while the FE results obtained from 75% CDF values were 4% 
conservative. Schafer and Peköz (1998b) suggested conducting two analyses for each 
FE model, one with 25% CFD value and one with 75% CDF value, to cover the 
middle 50% CDF value. This indicates that the cross-sectional bending resistance 
should be taken as the average of moment capacities obtained from 25% and 75% 
CDF values. It was observed that the average bending resistances Maverage were in 
good agreement with the test results with an overall mean of 1.01 for FE-to-test ratios. 
Since the FE model verified in this chapter was used for comprehensive parametric 
studies throughout this thesis, it was not time-efficient to conduct two analyses for 
each FE model. It was observed that the moment capacities obtained from the FE 
models with 50% CDF magnitudes were in good agreement with the average bending 
resistances and hence the test results with an overall mean of 1.02 for FE-to-test 
ratios.  
 
 
Table 3.2 Comparison of bending resistances obtained from single-member FE 
models with those obtained from tests 
Section 
Mtest 
(kN.m) 
M25% 
(kN.m) 
M50% 
(kN.m) 
M75% 
(kN.m) 
Maverage 
(kN.m) 
M25% / 
Mtest 
M50% / 
Mtest 
M75% / 
Mtest 
Maverage / 
Mtest 
D8.5Z120-4 28.7 28.47 27.33 25.38 26.92 0.99 0.95 0.88 0.94 
D8.5Z115-1 26.8 29.12 28.14 26.35 27.73 1.09 1.05 0.98 1.03 
D8.5Z092-3 17.3 18.22 17.57 16.43 17.32 1.05 1.02 0.95 1.00 
D8.5Z082-4 14.3 16.07 15.52 14.71 15.39 1.12 1.09 1.03 1.08 
D8.5Z065-7 10.5 11.57 11.13 10.77 11.17 1.10 1.06 1.03 1.06 
D8.5Z065-4 9 10.07 9.71 9.24 9.65 1.12 1.08 1.03 1.07 
D11.5Z092-3 29.6 29.93 28.63 26.51 28.22 1.01 0.97 0.90 0.95 
D11.5Z082-4 26.4 26.35 25.05 22.94 24.64 1.00 0.95 0.87 0.93 
Average      1.06 1.02 0.96 1.01 
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Figures 3.20 to 3.27 show the force-displacement responses for the single-member 
and double-member FE models with 50% CDF values and those for the tests. The 
controlling specimens in the tests (see Table 3.1) have been considered in the FE 
modelling for both single-member and double-member models. Overall, the load-
deflection curves for the single-member models were in quantitative and qualitative 
agreements with those for the double-member models. Table 3.3 compares the 
bending resistances for the single-member and double-member FE models (Msingle and 
Mdouble) with those for the tests (Mtest). It was observed that both Msingle and Mdouble, 
using the 50% CDF magnitudes for geometric imperfections, were in good agreement 
with Mtest with an overall mean of 1.02 for FE-to-test ratios.  
For the parametric studies carried out throughout this thesis for cold-formed Z-
section beams under local and distortional buckling, the single-member FE model has 
been used with the geometric imperfections taken as a superposition of the local and 
distortional buckling modes obtained from CUFSM and scaled to the 50% CDF 
magnitudes. 
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Figure 3.20 Comparison of FE models with test for section D8.5Z115-1E2W 
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Figure 3.21 Comparison of FE models with test for section D8.5Z120-4E1W 
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Figure 3.22 Comparison of FE models with test for section D8.5Z092-3E1W 
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Figure 3.23 Comparison of FE models with test for section D8.5Z082-4E3W 
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Figure 3.24 Comparison of FE models with test for section D8.5Z065-7E6W 
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Figure 3.25 Comparison of FE models with test for section D8.5Z065-4E5W 
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Figure 3.26 Comparison of FE models with test for section D11.5Z092-3E4W 
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Figure 3.27 Comparison of FE models with test for section D11.5Z082-5E4W 
 
 
Table 3.3 Comparison of bending resistances obtained from single-member and 
double-member FE models with those obtained from tests 
Section 
Mtest 
(kN.m) 
M50%-single 
(kN.m) 
M50%-double 
(kN.m) 
M50%-single / 
Mtest 
M50%-double / 
Mtest 
D8.5Z120-4 28.7 27.33 27.18 0.95 0.95 
D8.5Z115-1 26.8 28.14 28.15 1.05 1.05 
D8.5Z092-3 17.3 17.57 17.61 1.02 1.02 
D8.5Z082-4 14.3 15.52 15.57 1.09 1.09 
D8.5Z065-7 10.5 11.13 11.30 1.06 1.08 
D8.5Z065-4 9 9.71 9.88 1.08 1.10 
D11.5Z092-3 29.6 28.63 28.65 0.97 0.97 
D11.5Z082-4 26.4 25.05 25.08 0.95 0.95 
Average    1.02 1.02 
 
 
 
 
Deflection at loading point ∆ (mm) 
A
pp
lie
d 
lo
ad
 
P 
(kN
)  
62 
 
3.3.4 Material modelling 
The material data employed in ABAQUS should be in the measures of true stress 
(Cauchy stress) and logarithmic strain. For an isotropic material, the true stress σtrue 
and the logarithmic plastic strain pllnε  are obtained from the engineering stress-strain 
(σeng., εeng.) as follows: 
 
)ε(1σσ eng.eng.true +=                                                                                              (3.1) 
 
E
σ)ε(1lnε trueeng.plln −+=                                                                                         (3.2) 
 
where E is the elastic modulus of the material.  
 
Four material modelling techniques were investigated to find an appropriate 
formulation for the engineering stress-strain relationship. The considered material 
models, shown in Figure 3.28 (for section D8.5Z120-4), are as follows: 
(і) Continuous material model represented by compound Ramberg-Osgood stress-
strain relationship as given by Equations (3.3) and (3.4) (Gardner and Ashraf 2006). 
 
n
0.20
)
σ
σ(0.002
E
σ
ε +=      ,     0.2σσ ≤                                                                   (3.3)                                                                 
 
( )
t0.2
n
0.21.0
0.2
0.2
0.21.0
t,0.2t,1.0
0.2
0.2
ε
σσ
σσ
E
σσ
εε
E
σσ
ε
'
+





−
−





 −
−−+
−
=      ,     0.2σσ >     (3.4) 
 
where E0 is the initial elastic modulus of the material, σ0.2 and σ1.0 are the material’s 
0.2% and 1% proof stresses respectively, εt,0.2 and εt,1.0 are the total strains at σ0.2 and 
σ1.0 respectively, n and n' are the strain hardening coefficients and E0.2 is the 
tangential stiffness at σ0.2. 
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(іі) Two-stage material model: The basic Ramberg-Osgood stress-strain relationship 
up to 0.2% proof stress as given by Equation (3.3) and a straight line with a constant 
slope expressed as a fraction of E0 to represent strain hardening. The value of E0/50 
was adopted for the slope of the straight line.  
(ііі) Two-stage material model: The basic Ramberg-Osgood stress-strain relationship 
up to 0.2% proof stress as given by Equation (3.3) and a flat yield plateau. 
(іv) Two-stage material model: The linearly elastic stress-strain relationship up to 
0.2% proof stress and a flat yield plateau. 
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Figure 3.28 Material models for section D8.5Z120-4 
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The values for n, n' and σ1.0 were obtained by fitting the compound Ramberg-
Osgood model to the measured stress-strain curves (Yu 2005); examples are shown in 
Figure 3.29. A pair of n′ and σ1.0/σ0.2 values giving the best fit to the test’s curve was 
selected for each compound Ramberg-Osgood stress-strain curve. It was observed that 
the values for n' and, particularly, σ1.0 varied for different material yield strengths 
(0.2% proof stress σ0.2). Overall, the value for σ1.0/σ0.2 was smaller for the materials 
with higher σ0.2. The following equation was found to be the best representative of the 
relationship between σ1.0/σ0.2 and σ0.2 with an R-squared value of 0.92. Figure 3.30 
illustrates the proposed curve for σ1.0/σ0.2 versus σ0.2 and Table 3.4 shows the 
proposed values for σ1.0/σ0.2 for different σ0.2 from 200 MPa to 700 MPa.  
 
0.0948
0.20.21.0 σ1.8656/σσ
−
=                                                                                     (3.5) 
 
The values for n' varied between 1.60 and 2.70 with the average of 2.03. The values 
of 20 and 2 were adopted for n and n' respectively.  
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                           (a)                                                                        (b) 
Figure 3.29 Compound Ramberg-Osgood material models with comparison to stress-
strain curves reported by Yu (2005) (a) fy = 155 MPa; (b) fy = 530 MPa 
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Figure 3.30 Proposed relationship between σ1.0/σ0.2 and σ0.2 
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Table 3.4 Proposed values for σ1.0/σ0.2 for different σ0.2 
σ0.2 (MPa) σ1.0/σ0.2 
200 1.129 
250 1.105 
300 1.086 
350 1.071 
400 1.057 
450 1.045 
500 1.035 
550 1.026 
600 1.017 
650 1.010 
700 1.003 
 
 
Table 3.5 compares the bending resistances obtained from the single-member FE 
models with different material techniques and those obtained from the tests. The 50% 
CDF values were adopted for the imperfection amplitudes in the FE simulations (see 
3.3.3). It was found that the strain hardening part of the stress-strain curve had no 
significant effect on cross-sectional bending resistance as the material models (і), (іі) 
and (ііі) produced similar results i.e. observed strains at peak loads (failure strains) for 
the considered FE models were very low. However, the shape of the stress-strain 
response up to σ0.2 was found to have a pronounced effect on cross-sectional bending 
resistance – gradual yielding represented by Ramberg-Osgood formulation [(i) to (iii)] 
produced better agreement than the linear elastic response assumed in (iv). The 
overall mean for FE-to-test ratio was 1.02 for the material models (i) to (iii) while it 
was 1.06 (rather high FE predictions) for the material model (iv).  
In cold-formed steel sections, there is a considerable increase in the yield strength 
of the corners caused by cold-forming operations. It has been assumed by Schafer and 
Peköz (1998b) and, Yu and Schafer (2007) that the beneficial effect of the elevated 
yield strength at the corner regions is offset by the detrimental effect of the membrane 
residual stresses. Therefore, the enhanced yield strength at the corner regions was not 
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considered in the FE models of this thesis as the membrane residual stresses were 
ignored.    
For the parametric studies carried out throughout this thesis for cold-formed Z-
section beams under local and distortional buckling, the compound Ramberg-Osgood 
stress-strain relationship as given by Equations (3.3) and (3.4) has been used to define 
the material behaviour for the FE models. The values of 20 and 2 were adopted for n 
and n', respectively, and the proposed relationship between σ1.0/σ0.2 and σ0.2 as given 
by Equation (3.5) was used to determine the values for σ1.0.  
 
Table 3.5 Comparison of bending resistances obtained from single-member FE 
models, using different material techniques, with those obtained from tests 
Section 
Mtest 
(kN.m) 
M(і) 
(kN.m) 
M(іі) 
(kN.m) 
M(ііі) 
(kN.m) 
M(іv) 
(kN.m) 
M(і) / 
Mtest 
M(іі) / 
Mtest 
M(ііі) / 
Mtest 
M(іv) / 
Mtest 
D8.5Z120-4 28.7 27.33 27.33 27.33 27.98 0.95 0.95 0.95 0.97 
D8.5Z115-1 26.8 28.14 28.14 28.14 29.44 1.05 1.05 1.05 1.10 
D8.5Z092-3 17.3 17.57 17.57 17.57 18.06 1.02 1.02 1.02 1.04 
D8.5Z082-4 14.3 15.52 15.52 15.50 15.99 1.09 1.09 1.08 1.12 
D8.5Z065-7 10.5 11.13 11.13 11.13 11.61 1.06 1.06 1.06 1.11 
D8.5Z065-4 9 9.71 9.71 9.71 10.13 1.08 1.08 1.08 1.13 
D11.5Z092-3 29.6 28.63 28.63 28.63 29.93 0.97 0.97 0.97 1.01 
D11.5Z082-4 26.4 25.05 25.05 25.05 26.03 0.95 0.95 0.95 0.99 
Average      1.02 1.02 1.02 1.06 
  
3.3.5 Failure mode 
The Z-section beams tested by Yu (2005) (Yu and Schafer 2006), presented in 
Table 3.1, were all reported to have failed by distortional buckling. Figure 3.31 shows 
the typical failure modes for the single-member and double-member FE models with 
comparison to that of the test (for section D8.5Z092.3). Both single-member and 
double-member FE models provided a good prediction of the buckling shape at failure 
(maximum load) for the tests.  
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(a) 
 
 
(b) 
 
 
 (c) 
 
Figure 3.31 Deformed shape at failure for section D8.5Z092-3 (a) test (Yu 2005); 
(b) double-member FE model; (c) single-member FE model 
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3.4 Conclusions 
Numerical methods are capable of producing solutions for complex interactive 
buckling of cold-formed steel members accounting for all important governing facets 
such as geometrical imperfections, residual stresses, spread of yielding, postbuckling 
etc. The commercial displacement-based FE software package ABAQUS (2007) has 
been used to generate numerical models for flexural behaviour of cold-formed Z 
sections under local and distortional buckling, including allowances for geometrical 
and material nonlinearities. The FE models were verified against a series of four-point 
bending tests carried out by Yu and Schafer (2006). The entire test was simulated in 
ABAQUS; this included a pair of Z-section beams, the panels and the hot-rolled 
tubes. This model was then simplified due to the considerable computational time 
required to obtain the results. The simplified model consisted of a single Z-section 
beam and the other components of the test were simulated using appropriate stiffeners 
and boundary conditions. 
The geometric imperfections were included in the FE simulation as a superposition 
of the local and distortional buckling modes scaled to appropriate imperfection 
amplitudes. The finite strip software CUFSM (Schafer 2006) was used to generate the 
shape of initial imperfections (along the cross-section), followed by developing this 
shape along the beam using sinusoidal functions. This method has been used rather 
than the conventional method of feeding the Eigenmodes from the ABAQUS elastic 
buckling analysis into the ABAQUS nonlinear analysis as the latter encountered some 
difficulties for the local buckling mode for some sections. The ultimate strength of FE 
models was particularly sensitive to the magnitude of initial imperfections. The 50% 
CDF value proposed by Schafer and Peköz (1998b) (0.34t for local buckling and 0.94t 
for distortional buckling) was adopted for the amplitude of initial imperfections.  
The strain hardening was found to have little effect on bending resistance of cold-
formed steel sections since the observed failure strains for these sections were very 
low. The gradual yielding had a pronounced effect on ultimate moment capacity of 
cold-formed sections. The compound Ramberg-Osgood stress-strain relationship 
proposed by Gardner and Ashraf (2006) was adopted for the material modelling in the 
FE simulation. The strain hardening coefficients n and n' were taken as 20 and 2 
respectively. The materials with higher 0.2% proof stress σ0.2 exhibited smaller 1% 
proof stress σ1.0. A relationship between σ1.0/σ0.2 and σ0.2 was proposed, based on the 
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tensile coupon tests performed by Yu (2005), to determine the values for σ1.0 for 
different σ0.2.  
The FE models taking into account the considerations above produced good 
predictions for ultimate moment capacities and failure modes for Yu and Schafer’s 
tests. The overall mean for MFE-to-Mtest ratios was 1.02 and the failure was triggered 
by distortional buckling for the tests as well as the FE models. The verified FE 
simulation has been used for the purpose of parametric study throughout this thesis.      
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Chapter 4 
              
Finite element analysis of laterally-restrained cold-
formed steel beams for local buckling  
 
4.1 Introduction  
The finite element method (FEM) is a powerful technique to study the complex 
interactive buckling behaviour of cold-formed steel sections in bending. The ultimate 
strength of cold-formed sections under local buckling can be significantly reduced by 
eliminating the constraints for distortional buckling and hence allowing this mode of 
buckling to interact with local buckling. In this thesis, full understanding of how and 
the extent to which this interaction affects the behaviour has been achieved by 
conducting two separate FE analyses, one to allow for both local and distortional 
buckling and one to allow for local buckling only. The knowledge gained from this 
has also been used to examine the accuracy of the local and distortional buckling 
procedures available in design codes.  
In this chapter, the local buckling tests carried out by Yu and Schafer (2003) have 
been used to develop nonlinear finite element analyses which only allow for local 
buckling while distortional buckling is restricted with the aid of translational springs 
applied to the compression flange of the members.       
4.2 Experimental investigation 
Numerical investigations carried out throughout this thesis to study the local 
buckling behaviour of cold-formed Z sections have been based on the local buckling 
tests performed by Yu and Schafer (2003) (Yu 2005). The tests were conducted in a 
four-point bending arrangement. The test setup for local buckling tests was the same 
as that for distortional buckling tests (Yu 2005; Yu and Schafer 2006); nonetheless, an 
additional panel was placed in the constant moment span (see 3.2 for distortional 
buckling tests). In local buckling tests, the compression flanges of the specimens were 
connected by a through-fastened panel (t = 0.48 mm) in the constant moment span as 
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well as the shear spans. Figure 4.2 shows an overall view of the test setup for local 
buckling tests. The locations for the panel-to-purlin screws in the shear spans were the 
same as those for distortional buckling tests (see Figure 3.5). The panel-to-purlin 
fastener detail in the constant moment span was a pair of screws placed 64 mm apart 
and spaced 203 mm away from a second pair in the pan of the deck, as shown in 
Figure 4.3. The selected panel-to-purlin type restricted distortional buckling with no 
artificial increase in local buckling strength (Yu and Schafer 2003). Table 4.1 shows 
the dimensions and material strength fy of the tested cross-sections. The notation used 
for the dimensions is shown in Figure 4.1 (see 3.2 for the definitions of notation).  
 
Table 4.1 Geometries and material strengths for local buckling tests carried out by  
Yu (2005) 
Test lable Specimen 
h 
(mm)  
bc 
(mm) 
dc 
(mm) 
θc 
(deg) 
bt 
(mm) 
dt 
(mm) 
θt 
(deg) 
rhc 
(mm) 
rdc 
(mm) 
rht 
(mm) 
rdt 
(mm) 
t 
(mm) 
fy 
(MPa) 
8.5Z120-
3E2W 
8.5Z120-3 214 66 24 47.2 62 25 48.9 9 9 9 9 3.00 422.7 
8.5Z120-2* 215 66 24 47.8 62 25 48.9 9 9 9 9 3.00 414.1 
8.5Z105-
2E1W 
8.5Z105-2 215 68 24 50.5 60 24 48.7 8 8 9 9 2.64 474.0 
8.5Z105-1* 214 68 25 50.7 60 23 48.7 8 8 9 9 2.67 460.3 
8.5Z092-
4E2W 
8.5Z092-4 214 66 24 53.0 61 24 50.8 7 7 8 8 2.29 394.8 
8.5Z092-2* 214 66 23 51.8 61 24 50.4 7 7 8 8 2.25 392.6 
8.5Z082-
1E2W 
8.5Z082-1* 215 64 24 49.0 60 25 50.3 7 7 8 8 2.03 402.4 
8.5Z082-2 215 64 24 47.9 61 24 52.4 7 7 8 8 2.04 400.3 
8.5Z073-
4E3W 
8.5Z073-4 216 64 24 49.6 61 23 51.0 7 7 7 7 1.82 386.9 
8.5Z073-3* 216 64 23 50.1 60 24 51.2 7 7 8 8 1.83 382.8 
8.5Z059-
4E3W 
8.5Z059-4* 216 64 20 50.9 60 18 48.9 7 7 7 7 1.50 403.8 
8.5Z059-3 216 62 20 50.2 56 18 50.4 7 7 7 7 1.51 403.1 
11.5Z092-
1E2W 
11.5Z092-1 290 85 24 50.1 89 24 49.5 6 7 7 7 2.61 420.4 
11.5Z092-2* 288 84 25 48.3 90 23 48.1 7 7 7 7 2.62 416.3 
11.5Z082-
2E1W 
11.5Z082-2* 291 89 22 50.3 88 22 52.2 8 8 9 9 2.13 423.7 
11.5Z082-1 291 89 23 50.6 87 22 51.0 8 8 9 9 2.13 416.4 
11.5Z073-
2E1W 
11.5Z073-2* 289 89 22 46.0 85 21 44.8 7 7 7 7 1.80 450.6 
11.5Z073-1 288 89 24 45.4 86 23 44.2 7 3 7 2 1.77 460.4 
*controlling specimens in tests 
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Figure 4.1 Definitions for cross-sectional dimensions 
 
 
 (a) 
 
(b) 
Figure 4.2 Local buckling tests (Yu 2005) (a) basic arrangement of four-point 
bending test; (b) overall view of testing setup 
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Figure 4.3 Plan view of screw locations for panel-to-purlin connection in constant 
moment span (Yu 2005)  
 
4.3 Development of FE models 
The general purpose finite element (FE) package ABAQUS (2007) has been used 
to generate the numerical models for local buckling of cold-formed Z-section beams 
including allowances for geometrical and material nonlinearities. The FE models were 
verified against a series of local buckling tests performed by Yu and Schafer (2003) 
(Yu 2005). Two different arrangements were considered for the FE models: 
• Double-member models: the entire test setup was modelled. This included 
two specimen beams, the through-fastened panels and the hot-rolled tubes.  
• Single-member models: only one specimen beam was modelled and the 
other components of the test were simulated using appropriate stiffeners 
and boundary conditions.  
Figure 4.4 shows the overall arrangement for the double-member FE models. The 
arrangement was the same as that used for the double-member models of distortional 
buckling tests (see 3.3.1); nonetheless, an additional flat plate was introduced to the 
model to represent the panel in the constant moment span. A flat plate of 0.48 mm 
thickness and 1626.7 mm length was tied to the compression flanges of two beams, at 
the same locations as the screws in the test (see Figure 4.3), in the constant moment 
span. The selected plate was found to effectively restrict distortional buckling in the 
FE models without artificially increasing the local buckling strengths.  
 
pan pan pan 
panel rib panel rib 
compression  
     flange 
screw 
203 mm 102 mm 
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Figure 4.4 Double-member FE model arrangement 
 
Considerable computational time was required to obtain the results from the 
double-member FE models thus it was decided to simplify the models. Figure 4.5 
shows the overall arrangement for the simplified (single-member) FE models. The 
arrangement was the same as that used for the single-member models of distortional 
buckling tests (see 3.3.1); nonetheless, translational springs were introduced to the 
compression flange of the member to represent the panel in the constant moment 
span. The SPIRNGA element available in Abaqus/Standard was used to simulate the 
springs in the single-member FE models. The SPRINGA element acts between two 
nodes and its line of action is the line joining the two nodes thus this line can rotate in 
large-displacement analyses. The typical input file for single-member FE models, 
allowing for local buckling only, is available in Appendix B3. 
It was found that distortional buckling could be effectively restricted in the FE 
models by applying translational springs to the compression flange of the members 
i.e. restraining the displacement of the lip-to-flange junction. The only challenge was 
to find an appropriate spring stiffness “ks” to achieve this without artificially 
increasing the local buckling strength. A series of elastic buckling analyses was 
performed in ABAQUS for each FE model to obtain the lowest buckling modes and 
the corresponding elastic buckling moments Mcr for different spring stiffness ks; 
Figures 4.6 and 4.7 show the results for the section 8.5Z120-2. The notation k1 
presented in Figure 4.6 is the dimensionless spring stiffness defined as follows: 
 
 
shear span plate 
shear span plate 
constant moment span plate 
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Lkk
3
s
1 =                                                                                                              (4.1) 
where L is the length of the constant moment span, E is the elastic modulus and I is 
the second moment of inertia of the cross-section. 
 Distortional buckling was found to be the lowest Eigenmode for the considered FE 
models in the absence of translational springs (ks = 0). Increasing the spring stiffness 
up to a certain limit did not fundamentally change the lowest buckling mode but 
resulted in reduced half-wave length and increased elastic buckling moment (region 1 
in Figure 4.7). Further increases in spring stiffness beyond this limit would force local 
buckling to be the lowest Eigenmode (region 2 in Figure 4.7). It was found that there 
was no increase in the elastic local buckling moment for increases in spring stiffness 
ks, in the region 2 where local buckling was the lowest Eigenmode. This indicated that 
any ks value taken from this region would effectively restrict distortional buckling in 
the FE models without artificially increasing the local buckling strengths. For the 
parametric studies carried out throughout this thesis for local buckling of Z-section 
beams, the value of 5000 N/mm was adopted for the spring stiffness ks to ensure local 
buckling being the lowest Eigenmode for all FE models.   
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Figure 4.5 Single-member FE model arrangement 
 
 
 
 
 
 
 
 
springs  
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(a) 
 
 
 
(b) 
 
 
 
 (c) 
 
Figure 4.6 Lowest buckling modes for different spring stiffness, for section 8.5Z120-2 
(a) ks = 0 (k1 = 0); (b) ks = 500 N/mm (k1 = 1.4); (c) ks = 1250 N/mm (k1 = 3.5) 
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Figure 4.7 Variations in elastic buckling moment for different spring stiffness, for 
section 8.5Z120-2 
 
Figures 4.8 to 4.16 show the force-displacement responses for the single-member 
FE models and those for the tests. The controlling specimens in the tests (see Table 
4.1) have been considered for the FE models. A compound Ramberg-Osgood 
expression proposed by Gardner and Ashraf (2006) was adopted for the material 
modelling in the FE simulations (see 3.3.4). A superposition of the local and 
distortional buckling modes obtained from CUFSM (Schafer 2006) and scaled to the 
50% CDF magnitudes (Schafer and Peköz 1998b) was taken for the geometric 
imperfections (see 3.3.3). The general-purpose S4R elements, which are 4-noded 
quadrilateral shell elements with reduced integration, were used for the beams and 
plate stiffeners in the FE models (see 3.3.2 for the mesh size). Overall, the load-
displacement curves for the FE models were in qualitative and quantitative 
agreements with those for the tests. Table 4.2 compares the bending resistances 
obtained from the FE models and those obtained from the tests. The overall mean for 
MFE-to-Mtest ratios was found to be 1.01 indicating a good agreement between the FE 
models and the tests.  
 
Dimensionless spring stiffness k1 
M
cr
 
/ M
y 
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Table 4.2 Comparison of bending resistances obtained from FE models with those 
obtained from local buckling tests 
Section Mtest (kN.m) MFE (kN.m) MFE / Mtest 
8.5Z120-2 31.7 29.44 0.93 
8.5Z105-1 30.2 28.63 0.95 
8.5Z092-2 20.5 20.01 0.98 
8.5Z082-1 18.3 18.06 0.99 
8.5Z073-3 15.1 15.24 1.01 
8.5Z059-4 11.4 11.99 1.05 
11.5Z092-2 39.8 42.46 1.07 
11.5Z082-2 31.0 31.39 1.01 
11.5Z073-2 21.9 24.24 1.11 
Average   1.01 
 
 
0
2
4
6
8
10
12
14
16
18
20
0 10 20 30 40 50 60 70 80 90 100
 FEM
 Test
 
 
Figure 4.8 Comparison of FE model with test for section 8.5Z120-3E2W 
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Figure 4.9 Comparison of FE model with test for section 8.5Z105-2E1W 
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Figure 4.10 Comparison of FE model with test for section 8.5Z092-4E2W  
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Figure 4.11 Comparison of FE model with test for section 8.5Z082-1E2W 
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Figure 4.12 Comparison of FE model with test for section 8.5Z073-4E3W 
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Figure 4.13 Comparison of FE model with test for section 8.5Z059-4E3W 
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Figure 4.14 Comparison of FE model with test for section 11.5Z092-1E2W 
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Figure 4.15 Comparison of FE model with test for section 11.5Z082-2E1W 
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Figure 4.16 Comparison of FE model with test for section 11.5Z073-2E1W 
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4.4 Conclusions 
A finite element analysis allowing for local buckling while distortional buckling is 
restricted, as well as one allowing for both local and distortional buckling is required 
to fully understand the effect of each buckling type on the flexural behaviour of 
laterally-restrained cold-formed steel beams and to asses the suitability of the local 
and distortional buckling procedures available in design codes.  
The general purpose FE package ABAQUS (2007) has been used to generate the 
numerical models for which distortional buckling is restricted. The FE models have 
been verified against the local buckling tests performed by Yu and Schafer (2003). 
The compound Ramberg-Osgood stress-strain relationship (Gardner and Ashraf 2006) 
was adopted for material modelling in the FE simulations. The finite strip software 
CUFSM (Schafer 2006) was used to generate the shape of initial imperfections and 
the 50% CDF magnitude (Schafer and Peköz 1998b) was taken for the amplitude of 
initial imperfections. 
One efficient way to restrict distortional buckling in FE models is to effectively 
restrain the displacement of the lip-to-flange junction. This has been achieved by 
applying translational springs with appropriate spring stiffness to the compression 
flange of the member. The elastic buckling analysis, performed in ABAQUS (2007), 
was used to obtain the lowest buckling modes for different spring stiffness. Increasing 
the spring stiffness beyond a certain limit would force local buckling to be the lowest 
buckling mode and renders the elastic critical buckling moment constant. Any value 
beyond this limit can be used as an appropriate spring stiffness to effectively restrict 
distortional buckling in FE models without artificially increasing the local buckling 
strengths.  
The FE models were in good agreement with the local buckling tests. The overall 
mean for MFE-to-Mtest ratios was 1.01 and all FE models failed by local buckling. The 
verified FE simulation has been used for the purpose of parametric study throughout 
this thesis.  
 
 
 
 
 
86 
 
Chapter 5 
 
 
Buckling behaviour and design of laterally-restrained 
cold-formed Z-section beams with upright edge 
stiffeners 
 
5.1 Introduction 
The flexural behaviour of laterally-restrained cold-formed steel beams is complex 
due to the potentials for local, distortional and combined local/distortional buckling. 
Edge stiffeners (lips) and their restraint effect on compression flanges influence the 
local and, particularly, distortional buckling strengths for cold-formed edge-stiffened 
sections. The finite element method (FEM) is able to model sufficiently realistically 
the buckling behaviour of cold-formed steel beams including allowances for material 
and geometrical nonlinearities and permits the generation of the full load-deflection 
history.   
In this study, a series of nonlinear finite element analyses has been conducted to 
investigate the effect of the lip/flange interaction on both the buckling and the 
ultimate strength of laterally-restrained cold-formed Z-section beams. Depending on 
the lip size-to-flange width ratio, transitions between local, distortional and combined 
local/distortional buckling have been observed. With the aid of the finite element 
method, the buckling behaviour of the member up to, at and beyond maximum load 
(failure) has been studied and the controlling buckling mode (local, distortional or 
combined) at each stage of loading has been realized. The findings from the numerical 
analyses have been used to assess the suitability of the European design rules 
(2006a,b), some shortcomings have been identified and some suggestions for 
improvements made.  
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5.2 Numerical investigation  
5.2.1 Basics of FE models 
The finite element simulations, verified in chapters 3 and 4 against a series of four-
point bending tests (Yu and Schafer 2003,2006), have been used for the purpose of 
parametric study in this chapter.  
The S4R shell element (4-noded quadrilateral shell element with reduced 
integration) was used in the FE models. In the transverse direction, 5 elements were 
adopted for the lip, 8 elements for the flange, 12 elements for the web and 4 elements 
for the corner. The element mesh was set to 1.5 for the web element aspect ratio; the 
mesh size was 10.2 mm in the longitudinal direction.   
The finite strip software CUFSM (Schafer 2006) was used to generate the shape of 
initial geometric imperfections and the 50% CDF magnitude (0.34t for local buckling 
and 0.94t for distortional buckling) (Schafer and Peköz 1998b) was taken for the 
amplitude of initial imperfections; see 3.3.3 for full details. 
The beams have a constant span of 4.88m with loads applied at 1/3rd points i.e. 
four-point bending. Lateral-torsional buckling was effectively restricted in all FE 
models (see 3.3.1). The material yield strength of 300 GPa was considered for the 
entire cross-section for all Z-section beams and the elastic modulus was taken as 210 
MPa for all cross-sections. The compound Ramberg-Osgood stress-strain relationship 
as given by Equations (3.3) and (3.4) (Gardner and Ashraf 2006) was used for the 
material modelling in the FE simulations; see 3.3.4 for full details.  
Flange width “b” and lip size “c” were changed, keeping the height of the web “h” 
and thickness “t” constant. For all cross-sections, the web height and thickness were 
taken as 200 mm and 2 mm respectively. The internal corner radius-to-thickness ratio 
“ri/t” was taken as 1.0 for all cross-sections. The edge stiffeners were perpendicular to 
the flanges. Figure 5.1 shows the definitions for cross-sectional dimensions. A total of 
36 combinations between c/t and b/t were considered, with c/t varying from 5 to 25 
whilst b/t varied within a range of 30 to 45. These values were selected to cover the 
practical range. Two sets of parametric studies were performed in this chapter: 
• Set 1: 36 numerical analyses allowing for both local and distortional 
buckling.  
• Set 2: 36 numerical analyses allowing for local buckling only.  
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The FE simulations verified in chapters 3 and 4 were used for the numerical analyses 
of set 1 and set 2 respectively.  
 
 
Figure 5.1 Definitions for cross-sectional dimensions 
5.2.2 Results of FE models 
Figure 5.2 shows the variations in ultimate moment capacities for different lip size-
to-thickness ratios c/t, for the FE models of set 1. It was revealed that the ultimate 
moment-to-yield moment ratio “MABAQUS/My” increased for increases in lip size-to-
thickness ratio up to a certain limit beyond which MABAQUS /My was reduced. The 
“optimum lip size-to-thickness ratio for distortional buckling moment (c/t)d” was 
found to be within the range of 12.5 to 20. The c/t ratio reaches its optimum value for 
distortional buckling moment when the lip provides fully effective longitudinal 
support to the compression flange to prevent the displacement of the lip-to-flange 
junction. Beyond this c/t ratio, the compression lip becomes very slender and, 
therefore, suffers from local buckling itself. This resulted in the reduction in cross-
sectional bending resistance, indicating the sensitivity of cold-formed sections to local 
buckling of individual elements.  
Table 5.1 shows the increases in MABAQUS/My caused by increasing the c/t ratio 
from 5 up to (c/t)d and the reductions in MABAQUS/My beyond this ratio up to 25. 
Overall, the cross-sectional bending resistance increased by about 15% by increasing 
the c/t ratio up to (c/t)d while there was a reduction of about 5% in moment capacity 
beyond this ratio. It was observed that the increase in c/t ratio was more beneficial for 
the sections with higher b/t ratios.  
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It was observed in Figure 5.2 that MABAQUS /My was reduced by increasing the 
flange width-to-thickness ratio b/t. This reduction is due to local buckling of the 
compression flange, for the sections with c/t ratios beyond (c/t)d, as the flange 
becomes more slender while the lip size is adequate to prevent distortional buckling. 
Distortional buckling is, however, the main reason for the significant reduction in 
moment capacity, caused by increasing the b/t ratio, for the sections with c/t ratios 
lower than (c/t)d.   
 
Table 5.1 Increases in MABAQUS /My for increases in c/t ratio up to (c/t)d and 
reductions in MABAQUS /My for increases in c/t ratio beyond (c/t)d  
Flange width-to-thickness 
ratio b/t  
Optimum lip size-to-
thickness ratio (c/t)d 
Increase in 
MABAQUS,L-D/My (%) 
Reduction in 
MABAQUS,L-D/My (%) 
30 12.5 10 7 
35 15 15 5 
40 15 16 2 
45 20 24 0 
 Average 16 4 
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Figure 5.2 Variations in ultimate moment capacities, normalized by yield moments, 
for different lip size-to-thickness ratios 
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Figure 5.3 shows the variations in ultimate moment capacities for different lip size-
to-flange width ratios c/b, for the FE models of set 1. The “optimum lip size-to-flange 
width ratio for distortional buckling moment (c/b)d” was found to be within the range 
of 0.35 to 0.45. This indicates that for the optimum design of cold-formed edge-
stiffened Z sections under pure bending, the lip size-to-flange width ratio of the 
section should be within this range. Distortional buckling is unlikely to be the mode 
of failure for the sections with c/b ratios higher than 0.35.   
Figure 5.4 shows the variations in ultimate moment capacities for different 
distortional buckling slenderness “λd = (My / Mcr,d)0.5”, for the FE models of set 1, 
where Mcr,d is the elastic critical distortional buckling moment obtained from CUFSM 
(Schafer 2006). It was found that the moment capacities attained their maximum 
value for λd being within the range of 0.70 to 0.75.  
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Figure 5.3 Variations in ultimate moment capacities, normalized by yield moments, 
for different lip size-to-flange width ratios 
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Figure 5.4 Variations in ultimate moment capacities, normalized by yield moments, 
for different distortional buckling slenderness
 
 
Figure 5.5 shows the variations in ultimate moment capacities for different lip size-
to-thickness ratios c/t, for the FE models of set 2. It was observed that the local 
buckling moment-to-yield moment ratio MABAQUS,L/My increased for increases in lip 
size-to-thickness ratio up to a certain limit beyond which MABAQUS,L/My was reduced. 
The “optimum lip size-to-thickness ratio for local buckling moment (c/t)l” was found 
to be within the range of 10 to 17.5. The rotational stiffness to the compression flange 
provided by the edge stiffener increases by increasing the lip size, resulting in an 
increase in local buckling strength of the compression flange and hence the cross-
sectional local buckling moment. The c/t ratio reaches its optimum value for local 
buckling moment when the compression flange performs as a compression element 
effectively supported at the edges, under local buckling. This indicates that for the 
sections with c/t ratios smaller than (c/t)l, it is unconservative to apply the buckling 
factor of 4 for the compression flange in the calculation of the flange effective widths. 
The local buckling moment was reduced beyond (c/t)l due to local buckling of the 
compression lip itself. It is worth mentioning that increasing the lip size improves the 
performance of the compression flange under both local and distortional buckling 
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while its effect is more significant for distortional buckling. Overall, the local 
buckling moment of the cross-section increases by about 5% by increasing the c/t 
ratio up to (c/t)l. 
Figure 5.6 shows the variations in ultimate moment capacities for different lip size-
to-flange width ratios c/b, for the FE models of set 2. The “optimum lip size-to-flange 
width ratio for local buckling moment (c/b)l” was found to be within the range of 0.20 
to 0.60. It was revealed that the sections with higher b/t ratios attained their maximum 
local buckling moment for lower c/b ratios; the maximum local buckling moment for 
the section with “b/t = 45” was attained for “c/b = 0.22” while the section with “b/t = 
30” attained its maximum local buckling moment for “c/b = 0.58”.  
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Figure 5.5 Variations in ultimate local buckling moments, normalized by yield 
moments, for different lip size-to-thickness ratios 
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Figure 5.6 Variations in ultimate local buckling moments, normalized by yield 
moments, for different lip size-to-flange width ratios 
 
 
Figures 5.7 to 5.10 illustrate the elastic critical local and distortional buckling 
moments obtained from CUFSM (Schafer 2006) for the considered cross-sections. It 
was observed in Figure 5.7 that there was no optimum c/t ratio for elastic critical 
distortional buckling moment Mcr,d, except for small flange width-to-thickness ratios 
i.e. b/t = 30. It was shown in Figure 5.9 that MABAQUS/Mcr,d was significantly reduced 
by increasing the c/t ratio. This indicates that material and geometrical nonlinearities, 
included in FE models, reduce the beneficial effect of the increased lip size on 
distortional buckling strength.  
It was observed in Figure 5.8 that there was no significant change in elastic critical 
local buckling moment-to-yield moment ratio Mcr,l/My for increases in the c/t ratio up 
to a certain limit beyond which Mcr,l/My was reduced; this limit was found to be “c/t = 
12.5”. It was shown in Figure 5.10 that MABAQUS/Mcr,l significantly increased by 
increasing the c/t ratio beyond 17.5. This indicates that material and geometrical 
nonlinearities, included in FE models, reduce the detrimental effect of large lip sizes 
on local buckling strength. 
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Figure 5.7 Variations in elastic critical distortional buckling moments, normalized by 
yield moments, for different lip size-to-thickness ratios 
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Figure 5.8 Variations in elastic critical local buckling moments, normalized by yield 
moments, for different lip size-to-thickness ratios 
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Figure 5.9 Variations in ultimate moment capacities, normalized by elastic critical 
distortional buckling moments, for different lip size-to-thickness ratios 
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Figure 5.10 Variations in ultimate moment capacities, normalized by elastic critical 
local buckling moments, for different lip size-to-thickness ratios 
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Figure 5.11 shows the comparison between the moment capacities obtained from 
the FE models of set 1 and those obtained from the FE models of set 2, for varying c/t 
ratios. It was observed that the cross-sectional bending resistance increased up to 30% 
when the distortional buckling mode was restrained in the member. It was shown in 
Figure 5.11 that there was no significant increase in moment capacities by restraining 
distortional buckling for the sections with high c/t ratios; this demonstrated that these 
sections failed by local buckling. However, significant increases in moment capacities 
for the sections with small c/t ratios were observed in Figure 5.11; this demonstrated 
that these sections failed by distortional buckling. Overall, the cross-sectional bending 
resistance increased by 10% by restraining the distortional buckling mode in the 
member.  
Figure 5.12 shows the comparison between the elastic critical local and distortional 
buckling moments, for varying c/t ratios. It was observed that “Mcr,l < Mcr,d” for the 
sections with high c/t ratios i.e. c/t = 15 to 25; this showed the tendency of these 
sections to fail by local buckling.  
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Figure 5.11 Comparison between ultimate local buckling moments and ultimate local-
distortional interaction buckling moments for different lip size-to-thickness ratios 
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Figure 5.12 Comparison between elastic critical local buckling moments and elastic 
critical distortional buckling moments for different lip size-to-thickness ratios 
 
The finite element method, ABAQUS herein, permits the generation of the full 
load-deflection history. Figures 5.13 to 5.24 show the deformed shapes and stress 
distributions (von Mises stress profiles) for the FE models of set 1 with “b/t = 40” 
prior to, at and beyond failure (maximum load). Important differences between the 
controlling influence at maximum load (failure) and that as deformations increase and 
load gradually falls were observed for some of the FE models. This is sometimes 
missed in tests in which the emphasis is generally placed at completion of the test. It 
was observed in Figure 5.13(a) that the section with “c/t = 5” failed by distortional 
buckling while Figure 5.15 revealed that the sections with “c/t = 20 to 25” failed by 
local buckling. It was not possible to explicitly find the failure modes for the FE 
models with “c/t = 7.5 to 17.5” from their deformed shapes. However, it was revealed 
that the failure modes can be explicitly obtained for all FE models using the stress 
profiles (Figures 5.16 to 5.24). This is also missed in tests where the failure mode is 
generally judged from the deformed shape.  
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It was found from the stress profiles that there were three possible failure modes 
for the FE models based on the lip/flange interaction (lip size-to-flange width ratio): 
• FE models failed by distortional buckling  
• FE models failed by local-distortional interaction buckling (combined 
local/distortional buckling) 
• FE models failed by local buckling 
For the sections with “c/t = 5 to 10”, the higher stresses were observed at the free 
edge of the compression lip prior to and at the failure. The development of the higher 
stresses at the free edge of the compression lip is due to distortional buckling i.e. 
flexural buckling of the edge stiffener. Therefore, the failure was triggered by 
distortional buckling for these sections. Combined local/distortional buckling was, 
however, the governing buckling mode at postfailure as the higher stresses were also 
observed at the compression flange due to local buckling of the flange plate, 
especially for the sections with “c/t = 7.5 and 10”.  
For the section with “c/t = 12.5”, the higher stresses developed simultaneously at 
the compression flange and the free edge of the compression lip prior to and at the 
failure. Therefore, this section failed by local-distortional interaction buckling.  
For the sections with “c/t = 15 to 25”, the higher stresses developed at the 
compression flange prior to and at the failure. Therefore, the failure was triggered by 
local buckling for these sections. However, combined local/distortional buckling was 
the controlling buckling mode at postfailure for the sections with “c/t = 15 to 20” as 
the higher stresses were also observed at the free edge of the compression lip. 
Table 5.2 shows the maximum values for von Mises stresses and equivalent plastic 
strains (PEEQ) at the failure for the sections with “b/t = 40” and varying c/t ratios. It 
was found that the maximum stress at the free edge of the compression lip was 
reduced by about 30% by increasing the c/t ratio from 5 to 25. This was accompanied 
by a 20% increase in maximum stress at the compression flange. It was observed that 
there was no significant plastic strain in the FE models at failure (maximum load); the 
highest plastic strain (PEEQ) was 2% at the free edge of the compression lip for the 
section with “c/t = 5”.  
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(a) 
 
(b)  
 
 (c) 
Figure 5.13 Deformed shape at failure (maximum load) for section “b/t = 40”           
(a) c/t = 5; (b) c/t = 7.5; (c) c/t = 10 
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(a) 
 
(b) 
 
 (c) 
Figure 5.14 Deformed shape at failure (maximum load) for section “b/t = 40”           
(a) c/t = 12.5; (b) c/t = 15; (c) c/t = 17.5 
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(a) 
 
(b) 
 
 (c) 
Figure 5.15 Deformed shape at failure (maximum load) for section “b/t = 40”           
(a) c/t = 20; (b) c/t = 22.5; (c) c/t = 25 
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 (a) 
 
 (b) 
 
(c) 
Figure 5.16 Stress profile for “c/t = 5” (a) at 70% of maximum load prior to failure; 
(b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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 (a) 
 
 (b) 
 
(c) 
Figure 5.17 Stress profile for “c/t = 7.5” (a) at 70% of maximum load prior to failure; 
(b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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 (a) 
 
(b) 
 
(c) 
Figure 5.18 Stress profile for “c/t = 10” (a) at 70% of maximum load prior to failure; 
(b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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(a) 
 
 (b) 
 
(c) 
Figure 5.19 Stress profile for “c/t = 12.5” (a) at 70% of maximum load prior to 
failure; (b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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 (a) 
 
(b) 
 
(c) 
Figure 5.20 Stress profile for “c/t = 15” (a) at 70% of maximum load prior to failure; 
(b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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(a) 
 
 (b) 
 
(c) 
Figure 5.21 Stress profile for “c/t = 17.5” (a) at 70% of maximum load prior to 
failure; (b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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 (a) 
 
(b) 
 
(c) 
Figure 5.22 Stress profile for “c/t = 20” (a) at 70% of maximum load prior to failure; 
(b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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(a) 
 
 (b) 
 
(c) 
Figure 5.23 Stress profile for “c/t = 22.5” (a) at 70% of maximum load prior to 
failure; (b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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 (a) 
 
 (b) 
 
(c) 
Figure 5.24 Stress profile for “c/t = 25” (a) at 70% of maximum load prior to failure; 
(b) at maximum load (failure); (c) at 75% of maximum load beyond failure 
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Table 5.2 Maximum values for von Mises stresses and equivalent plastic strains 
(PEEQ) at failure for sections with b/t = 40 and varying c/t ratios 
Section label 
von Mises stress (MPa) PEEQ (%) 
Failure 
mode 
Free edge of 
compression lip 
Flange 
Free edge of 
compression lip 
Flange 
b/t=40, c/t=5 348 265 2.00 0.00 D 
b/t=40, c/t=7.5 330 307 1.10 0.30 D 
b/t=40, c/t=10 315 308 0.50 0.30 D 
b/t=40, c/t=12.5 304 313 0.25 0.45 L + D 
b/t=40, c/t=15 294 316 0.15 0.55 L 
b/t=40, c/t=17.5 288 318 0.00 0.60 L 
b/t=40, c/t=20 287 318 0.00 0.60 L 
b/t=40, c/t=22.5 277 318 0.00 0.60 L 
b/t=40, c/t=25 263 318 0.00 0.60 L 
 
5.3 Comparison between FE results and predictions from 
design codes 
Bending resistances for the considered cross-sections were determined using the 
design guidelines available in Eurocode 3 (EC3) (2006a,b) and the direct strength 
method (DSM) (Schafer and Peköz 1998a, DSM 2004). The moment capacities 
obtained from design codes were compared to those obtained from FE models to 
examine the accuracy of the design codes taking into account the effect of local and 
distortional buckling.  
5.3.1 Eurocode predictions 
Table 5.3 shows different programs written in this study using the design 
guidelines available in EN 1993-1-3:2006 and EN 1993-1-5:2006. Programs (L-D)1 to 
(L-D)5, available in Appendixes A1 to A5, take into account the effect of both local 
and distortional buckling while only the effect of local buckling is taken into account 
in programs L1 to L5, available in Appendixes A9 to A13. Local buckling effect is 
accounted for by using the effective cross-sectional properties calculated on the basis 
of the effective widths, in accordance with clause 4.4 of EN 1993-1-5:2006. 
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Distortional buckling effect is taken into account by using the effective thickness for 
the edge stiffener, in accordance with clause 5.5.3.2 of EN 1993-1-3:2006. There are 
three steps for distortional buckling procedure in this clause: 
• Step 1: The edge stiffener is taken as comprising the effective portion of the 
compression lip and the adjacent effective portion of the compression 
flange. These effective widths are obtained from the local buckling process. 
• Step 2: The reduction factor for distortional buckling χd, used to calculate 
the effective thickness of the edge stiffener, is determined based on the 
assumption that the stiffener behaves as a compression member with 
continuous spring restraint. 
• Step 3: The reduction factor χd can be refined in an iterative process using 
the modified effective widths for the edge stiffener calculated on the basis 
of the reduced compressive stress.  
According to clause 5.2(2) of EN 1993-1-3:2006, in order to provide sufficient 
flexural stiffness for the lip-to-flange junction and to avoid primary buckling of the lip 
itself, the sizes of compression lips should be within the following range: 
 0.6c/b0.2 ≤≤                                                                                                   (5.1) 
in which b is the overall flange width and c is the overall lip size perpendicular to the 
flange. According to this clause, the compression lip is ignored (c = 0) if “c/b < 0.2”.  
The following methods available in EC3 were used in this study to determine the 
effective widths for compression lips: 
• Method Leff,1: The effective width method, available in clause 4.4 of EN 
1993-1-5:2006, was used for outstand compression lips. The buckling 
factor for the lip was obtained using the flange/lip interaction formula 
available in clause 5.5.3.2(5) of EN 1993-1-3:2006.  
• Method Leff,2: The effective width method, available in clause 4.4 of EN 
1993-1-5:2006, was used for outstand compression lips. The buckling 
factor for the lip was obtained using the lip stress ratio formula available in 
Table 4.2 of EN 1993-1-5:2006. 
• Method Leff,3: The “mixed effective width/effective thickness” method, 
available in Annex D of EN 1993-1-3:2006, was used for outstand 
compression lips. 
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Table 5.3 Different programs, written in this study, using the design guidelines 
available in EN 1993-1-3:2006 and EN 1993-1-5:2006 
Program 
Local 
buckling 
Distortional 
buckling 
Step 3 for 
distortional 
buckling 
Flange 
buckling 
factor Kf 
Compression 
lip
 
Compression 
lip for c/b < 2 
(L-D)1 yes yes yes 4 method Leff,1 ignored 
(L-D)2 yes yes no 4 method Leff,1 ignored 
(L-D)3 yes yes yes 4 method Leff,1 included 
(L-D)4 yes yes no 4 method Leff,1 included 
(L-D)5 yes yes no Eq. (5.2) method Leff,3 included 
L1 yes no no 4 method Leff,1 ignored 
L2 yes no no 4 method Leff,1 included 
L3 yes no no Eq. (5.2) method Leff,1 included 
L4 yes no no Eq. (5.2) method Leff,2 included 
L5 yes no no Eq. (5.2) method Leff,3 included 
 
 
Figure 5.25 shows the comparison between the moment capacities obtained from 
the FE models of set 1 and those obtained from program (L-D)1, for varying c/t ratios. 
It was observed that the Eurocode predictions were highly conservative (about 30% 
on average) for the sections for which the compression lip was ignored according to 
clause 5.2(2) of EN 1993-1-3:2006. Apart from these sections, the Eurocode 
procedure (allowing for both local and distortional buckling) was found to be 
unconservative with overall mean and standard deviation of 0.91 and 0.02 
respectively.  
Figure 5.26 compares the moment capacities obtained from the FE models of set 2 
and those obtained from program L1, for varying c/t ratios. Except for the small c/t 
ratios for which the compression lip is ignored, the local buckling procedure available 
in EC3 was found to be unconservative with overall mean and standard deviation of 
0.94 and 0.02 respectively.  
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Figure 5.25 Comparison between Eurocode predictions obtained from program (L-D)1 
and FE results of set 1 
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Figure 5.26 Comparison between Eurocode predictions obtained from program L1 and 
FE results of set 2 
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Table 5.4 compares the accuracy of the Eurocode predictions obtained from 
different programs used in this study. The sections for which the compression lip is 
ignored were excluded in Table 5.4 for programs (L-D)1, (L-D)2 and L1. Overall, the 
local buckling procedure available in EC3 [program L1] was 6% unconservative; the 
Eurocode procedure became 3% more unconservative when distortional buckling  was 
also taken into account [program (L-D)1].  
Step 3, available in clause 5.5.3.2 of EN 1993-1-3:2006 as the last step in the 
distortional buckling procedure, is a complex iterative optional process which requires 
a considerable amount of time and calculations to refine the reduction factor χd. 
Furthermore, it was found that the Eurocode procedure was 1% less unconservative 
when step 3 was ignored [program (L-D)2]. Therefore, it is strongly recommended to 
ignore step 3 in Eurocode calculations for distortional buckling.  
The Eurocode procedure was found to be 9% unconservative on average (8% 
without step 3) for the sections with “c/b < 0.2” when the compression lip was 
included in the calculations; it was 28% conservative for these sections when the 
compression lip was ignored.  
 
Table 5.4 Comparison between the accuracy of different Eurocode 3 programs written 
in this study
 
 Average Standard deviation 
MABAQUS  / MEurocode,(L-D)1 0.91 0.02 
MABAQUS  / MEurocode,(L-D)2 0.92 0.02 
MABAQUS  / MEurocode,(L-D)3 0.91 0.02 
MABAQUS  / MEurocode,(L-D)4 0.92 0.02 
MABAQUS  / MEurocode,(L-D)5 0.95 0.03 
MABAQUS,L / MEurocode,L1 0.94 0.02 
MABAQUS,L / MEurocode,L2 0.94 0.02 
MABAQUS,L / MEurocode,L3 0.96 0.04 
MABAQUS,L / MEurocode,L4 0.97 0.04 
MABAQUS,L / MEurocode,L5 0.98 0.03 
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Figure 5.27 compares the moment capacities obtained from the FE models of set 2 
and those obtained from program L2, for varying c/t ratios. The compression lip was 
included for all sections in program L2. Overall, the local buckling procedure 
available in EC3 was 7% unconservative for the sections with “c/b < 0.2” when their 
compression lip was included in the calculations while it was 55% conservative for 
these sections when their compression lip was ignored. It was shown that the local 
buckling procedure became less unconservative by increasing the c/t ratio up to a 
certain limit found to be “(c/t)l = 10 to 17.5” (see Figure 5.5) which was equivalent to 
“(c/b)l = 0.20 to 0.60” (see Figures 5.6). This demonstrates that for the sections with 
c/b ratios less than the optimum value for local buckling moment (c/b)l, the edge-
stiffened compression flange does not perform as an effectively edge-supported 
compression element under local buckling. Therefore, the buckling factor of 4 
considered in EC3 for the edge-stiffened compression flange results in unconservative 
values for the flange effective widths for these sections.  
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Figure 5.27 Comparison between Eurocode predictions obtained from program L2 and 
FE results of set 2 
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Assuming that the buckling factor of 4 applies to the compression flange of the 
sections with “c/b ≥ (c/b)l”, the following equation was proposed for the flange 
buckling factor “Kf” for different c/b and b/t ratios: 
( )c/ba0.43K 1f ×+=        ,        Kf  ≤ 4                                                                 (5.2) 
where: 
 ( )l1 c/b
0.434
a
−
=                                                                                                        (5.3) 
 
 
 
  ( ) =lc/b                                                                                                               (5.4)   
 
 
 
where (c/b)l is the optimum c/b ratio for local buckling moment and 0.43 is the 
buckling factor for outstand compression flanges (c/b = 0).  
Figure 5.28 shows the proposed curves for the buckling factor of edge-stiffened 
compression flanges Kf for varying c/b ratios. It was observed that for the same c/b 
ratio, Kf is higher for higher b/t ratios. Table 5.5 shows the proposed values for Kf for 
c/b varying from 0.1 to 0.5 and b/t varying from 30 to 45.  
 
 
(35/60)     for b/t = 30 
(30/70)     for b/t = 35 
(25/80)     for b/t = 40 
(20/90)     for b/t = 45 
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Figure 5.28 Proposed curves for the buckling factor of edge-stiffened compression 
flanges, for varying lip size-to-flange width ratios 
 
 
Table 5.5 Proposed values for the buckling factor of edge-stiffened compression 
flanges, for varying lip size-to-flange width and flange width-to-thickness ratios 
                  b/t 30 35 40 45 
0.1 1.042 1.263 1.572 2.037 
0.15 1.348 1.680 2.144 2.840 
0.2 1.654 2.096 2.715 3.643 
0.25 1.960 2.513 3.286 4.000 
0.3 2.266 2.929 3.857 4.000 
0.35 2.572 3.346 4.000 4.000 
0.4 2.878 3.762 4.000 4.000 
0.45 3.184 4.000 4.000 4.000 
0.5 3.490 4.000 4.000 4.000 
0.55 3.796 4.000 4.000 4.000 
0.6 4.000 4.000 4.000 4.000 
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Figure 5.29 shows the comparison between the results obtained from the FE 
models of set 2 and those obtained from program L3. The proposed flange buckling 
factors were implemented in program L3. It was observed that the local buckling 
procedure using the proposed buckling factors Kf provided reasonable predictions for 
the sections with “c/b < (c/b)l”; the overall mean and standard deviation were 1.00 and 
0.04, respectively, while the overall mean was 0.95 when the buckling factor of 4 was 
used for the compression flange of these sections. Furthermore, it was found that for 
the sections with “c/b < 0.2”, the local buckling procedure was only 3% conservative 
when the compression lips were included and the proposed buckling factors were 
applied for the compression flanges. For these sections, the local buckling procedure 
was 55% conservative when the compression lips were ignored and 7% 
unconservative when the compression lips were included but the buckling factor of 4 
was used for the compression flanges.  
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Figure 5.29 Comparison between Eurocode predictions obtained from program L3 and 
FE results of set 2 
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It was observed in Figure 5.29 that the local buckling procedure was more 
unconservative for higher c/t ratios. Figure 5.30 shows the comparison between the 
results obtained from the FE models of set 2 and those obtained from programme L5. 
It was illustrated that the local buckling procedure provided better predictions for the 
sections with higher c/t ratios (about 3% less unconservative on average) when the 
“mixed effective width/effective thickness” method, available in Annex D of EN 
1993-1-3:2006, was used for outstand compression lips rather than using the 
conventional effective width method.  
It was concluded that the local buckling procedure, using the proposed buckling 
factors Kf for compression flanges and the “mixed effective width/effective thickness” 
method for outstand compression lips, provided the best predictions for cross-
sectional bending resistances; the overall mean and standard deviation were 0.98 and 
0.03 respectively (see Table 5.4).  
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Figure 5.30 Comparison between Eurocode predictions obtained from program L5 and 
FE results of set 2 
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Figure 5.31 shows the comparison between the moment capacities obtained from 
the FE models of set 1 and those obtained from program (L-D)5. Overall, the 
Eurocode procedure (allowing for both local and distortional buckling) was found to 
become 5% less unconservative (see Table 5.4) when the following modifications 
were considered: 
• Step 3, the iterative process to refine χd, was ignored in the distortional 
buckling procedure.  
• The proposed buckling factors Kf obtained from Equations (5.2) to (5.4) 
were applied to compression flanges in the local buckling procedure. 
• The “mixed effective width/effective thickness” method, available in 
Annex D of EN 1993-1-3:2006, was used to calculate the effective cross-
sectional area of outstand compression lips in the local buckling procedure. 
Furthermore, it was found that the Eurocode procedure was only 1% conservative 
for the sections with “c/b < 0.2” when their compression lips were included in the 
calculations and the Equations (5.2) to (5.4) were used to obtain the buckling factors 
for their compression flanges. The Eurocode procedure was about 30% conservative 
for these sections as their compression lips were entirely ignored in the calculations.  
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Figure 5.31 Comparison between Eurocode predictions obtained from program (L-D)5 
and FE results of set 1 
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5.3.2 Predictions from direct strength method (DSM) 
The direct strength method (DSM) (Schafer and Peköz 1998a, DSM 2004) uses 
elastic buckling solutions for the entire cross-section and provides strength curves for 
local and distortional buckling separately. The cross-sectional bending resistance for 
local buckling is determined as follows (the beam is fully laterally restrained): 
yDSl MM =                                                                   if 0.776λ l ≤                     (5.5) 
( )( )( ) y0.4ycrl0.4ycrlDSl M/MM/MM0.151M −=            if 0.776λ l >                     (5.6) 
where crlyl /MMλ =  , Mcrl is the elastic critical local buckling moment and My is the 
moment at first yield.  
The cross-sectional bending resistance for distortional buckling is determined as 
follows: 
yDSd MM =                                                                   if 0.673λd ≤                    (5.7) 
( )( )( ) y0.5ycrd0.5ycrdDSd M/MM/MM0.221M −=           if 0.673λd >                    (5.8) 
where crdyd /MMλ =  and Mcrd is the elastic critical distortional buckling moment.  
The cross-sectional bending resistance allowing for both local and distortional 
buckling is obtained as follows: 
( )DSdDSld)-DS(l M,MMinM =                                                                                  (5.9) 
Table 5.6 compares the accuracy of the direct strength method (DSM) and 
Eurocode 3 (EC3) in predicting the cross-sectional bending resistances. The DSM was 
8% unconservative on average for local buckling analyses; this was 2% more 
unconservative than the current EC3. The DSM was 7% unconservative on average 
for analyses allowing for both local and distortional buckling; this was 2% less 
unconservative than the current EC3.  
Figure 5.32 shows the comparison between the results obtained from the FE 
models of set 1 and those obtained from the direct strength method (DSM) allowing 
for both local and distortional buckling. The DSM became more unconservative for 
higher lip size-to-thickness ratios i.e. higher lip size-to-flange width ratios.  It was 
found that the DSM provided the best agreement with FE results for the sections 
failing by distortional buckling; the overall mean was 0.99 for these sections. The 
DSM was found to be highly unconservative for the sections failing by local buckling; 
the overall mean was 0.88 for these sections.  
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Table 5.6 Comparisons between the results obtained from FE models and those 
obtained from direct strength method (DSM) and Eurocode 3 (EC3) 
 Average Standard deviation (%) 
MABAQUS,L / MDSl 0.92 0.03 
MABAQUS,L / MEurocode,L2 0.94 0.02 
MABAQUS / MDS(l-d) 0.93 0.06 
MABAQUS / MEurocode,(L-D)3 0.91 0.02 
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Figure 5.32 Comparison between FE results of set 1 and predictions obtained from 
direct strength method allowing for both local and distortional buckling 
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5.4 Conclusions 
Full understanding of the flexural behaviour of cold-formed steel sections under 
complex interactive buckling was achieved with the aid of the finite element method 
(FEM). The general purpose FE package ABAQUS (2007) was used to perform 
comprehensive parametric studies to investigate the effect of the lip/flange interaction 
on the buckling behaviour of laterally-restrained cold-formed steel Z-section beams. 
The behaviour of the member up to, at and beyond maximum load (failure) has been 
analysed and the governing buckling mode (local, distortional or combined) at each 
stage of loading has been realized with the aid of the stress distribution profiles.   
The cross-sectional bending resistance as well as the failure mode of a cold-formed 
Z section was significantly affected by the lip-flange interaction. Transitions between 
local, combined local/distortional and distortional buckling were observed depending 
on the lip size-to-flange width ratio c/b. The higher the lip size-to-flange width ratio 
the less the effect of distortional buckling and hence the greater the tendency for 
behaviour to be governed by local buckling.  There was a limit for the c/b ratio up to 
which the cross-sectional bending resistance increased due to increases in flexural 
rigidity of the lip-to-flange junction. Beyond this limit, the moment capacity was 
reduced due to local buckling of the edge stiffener itself.  
The accuracy of the direct strength method (DSM) (Schafer and Pekoz 1998a, 
DSM 2004) and Eurocode 3 (EC3) (2006a,b) in predicting cross-sectional bending 
resistances was checked against the FE results. Overall, the local buckling procedure 
available in EC3 was 6% unconservative (apart from the sections with c/b < 0.2) 
while the unconservatism of EC3 became 9% when allowing for both local and 
distortional buckling. Overall, the DSM was 8% unconservative in predicting local 
buckling moments and 7% unconservative when distortional buckling was also taken 
into account.  
FE models revealed that there was a limit for the lip size-to-flange width ratio c/b 
up to which the local buckling moment of the section increased. For the sections with 
c/b ratios less than this limit, the buckling factor of 4 considered in EC3 for the edge-
stiffened compression flanges resulted in unconservative flange effective widths. 
Based on the FE results, Equations (5.2) to (5.4) were proposed to determine the 
flange buckling factors for different c/b ratios. The unconservatism of the EC3 local 
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buckling procedure for these sections was reduced by 5% on average using the flange 
buckling factors proposed in this chapter.  
The effective width method, available in clause 4.4 of EN 1993-1-5:2006, led to 
unconservative effective widths for outstand compression lips for the sections with 
high c/b ratios. The alternative method available in Annex D of EN 1993-1-3:2006, 
the “mixed effective width/effective thickness” method, resulted in a 3% reduction on 
average in the unconservatism of the EC3 local buckling procedure for these sections.  
Overall, the unconservatism of EC3 in predicting local buckling moments was 
reduced to 2% considering the aforementioned modifications; the unconservatism of 
EC3 procedure allowing for both local and distortional buckling was reduced to 5%.  
Clause 5.2(2) of EN 1993-1-3:2006, which ignores the compression lips for the 
sections with c/b < 0.2, resulted in highly conservative predictions (about 30% on 
average when considering both local and distortional buckling) for these sections. The 
conservatism of EC3 was reduced to 1% on average when the compression lips were 
included in the calculations and the buckling factors proposed in this chapter were 
used for the compression flanges.    
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Chapter 6 
 
Buckling behaviour and design of laterally-restrained 
cold-formed Z-section beams with inclined edge 
stiffeners 
 
6.1 Introduction 
The deviation of edge stiffeners from the right angle changes the restraint effect of 
the edge stiffener (lip) on the compression flange. Therefore, the flexural behaviour of 
cold-formed Z-sections with inclined edge stiffeners differs from that of basic lipped 
Z-sections. Design rules are normally based on the concept of right-angled edge 
stiffeners.  
In this study, a series of nonlinear finite element analyses has been carried out to 
investigate the effect of the angle of inclination of the edge stiffener (lip) on both the 
ultimate strength and the buckling of laterally-restrained cold-formed Z-section 
beams. Depending on the way in which the lip is formed, transitions between local, 
combined local/distortional and distortional buckling have been observed. The FE 
results have been used to asses the suitability of the European design rules (2006a,b), 
some shortcomings have been identified and some suggestions for improvements 
made.  
6.2 Numerical investigation 
6.2.1 Basics of FE models 
The finite element simulations, verified in chapters 3 and 4 against a series of four-
point bending tests (Yu and Schafer 2003,2006), have been used for the purpose of 
parametric study in this chapter.  
The beams have a constant span of 4.88m with loads applied at 1/3rd points i.e. 
four-point bending (see chapters 3 and 4 for material modelling, initial geometric 
imperfections, etc.). Lateral-torsional buckling was effectively restricted in all FE 
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models (see 3.3.1). The angle of inclination of the edge stiffener “θ”, flange width “b” 
and lip size “c” were changed while the height of the web “h”, thickness “t”, internal 
corner radius-to-thickness ratio “ri/t”, material yield strength “fy” and elastic modulus 
“E” were taken as 200 mm, 2 mm, 1.0, 300 MPa and 210 GPa for all cross-sections. 
Figure 6.1 shows the definitions for cross-sectional dimensions. A total of 108 
combinations between θ, c/t and b/t were considered with θ varying from 40º to 90º, 
c/t varying from 7.5 to 20 and b/t varying from 30 to 40. Two sets of parametric 
studies were performed in this study: 
• Set 1: 108 numerical analyses allowing for both local and distortional 
buckling.  
• Set 2: 108 numerical analyses allowing for local buckling only.  
The FE models verified in chapters 3 and 4 were used for the numerical analyses of 
sets 1 and 2 respectively.  
 
 
Figure 6.1 Definitions for cross-sectional dimensions 
 
6.2.2 Results of FE models 
Figures 6.2 to 6.4 show the moment capacities for different angles of inclination of 
the edge stiffener θ, obtained from the FE models of set 1. Overall, the ultimate 
moment-to-yield moment ratio “MABAQUS/My” increased for increases in the edge 
stiffener inclination angle θ from 40° to 90°. It was observed that the rate of increase 
in moment capacity was reduced for higher angles of inclination; there was no 
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significant increase in moment capacity for increases in the edge stiffener inclination 
angle from 70° to 90°. Table 6.1 shows the average increases in moment capacities 
for increases in the angle of inclination of the edge stiffener. Overall, the cross-
sectional bending resistance was reduced by 12% for a reduction in the edge stiffener 
inclination angle from 90° to 40°. It was found that the deviation of the edge stiffeners 
up to 20° from the right angle (from 90º to 70º) did not affect the cross-sectional 
bending resistance significantly; the moment capacity was reduced by only 2% on 
average. However, a significant reduction in moment capacity (10% on average) was 
observed for further reduction in the angle of inclination of the edge stiffener from the 
angle of 70° to an angle of 40°. This suggests that manufacturers can use sloping edge 
stiffeners with the angles up to 20° from the right angle but that for larger deviations 
from the right angle a suitable reduction in capacity should be made since design rules 
are normally based on the assumption of 90°.  
It was found that there was no significant increase in local buckling moment 
capacity due to increases in the edge stiffener inclination angle; the local buckling 
moment increased by 2% on average when increasing the edge stiffener inclination 
angle from 40° to 90°. It was illustrated that for the sections with “θ = 40º”, the cross-
sectional bending resistances increased by 20% on average when distortional buckling 
was retrained in the members (sheeting effect); this was 10% on average for the 
members with “θ = 90º”.  
 
Table 6.1 Average increases in moment capacities for increases in the angle of 
inclination of the edge stiffener 
Increase in angle of inclination 
Average increase in 
MABAQUS/My (%) 
from 40° to 50° 1.04 
from 50° to 60° 1.03 
from 60° to 70° 1.02 
from 70° to 80° 1.01 
from 80° to 90° 1.01 
from 40° to 70° 1.10 
from 70° to 90° 1.02 
from 40° to 90° 1.12 
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Figure 6.2 Variations in ultimate moment capacities, normalized by yield moments, 
for different lip angles for section “b/t = 30”  
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Figure 6.3 Variations in ultimate moment capacities, normalized by yield moments, 
for different lip angles for section “b/t = 35” 
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Figure 6.4 Variations in ultimate moment capacities, normalized by yield moments, 
for different lip angles for section “b/t = 40”  
 
Figure 6.5 compares the deformed shapes at failure (maximum load) for different 
edge stiffener inclination angles θ for the section “b/t=30, c/t=10”. The moment 
capacity of the section was reduced by 8% for a reduction in the angle of inclination 
from “θ=90º” to “θ=40º”. Considering this reduction and the deformed shapes shown 
in Figure 6.5, it would appear that if the section with “θ=90º” failed by distortional 
buckling the failure mode for the section with “θ=40º” would certainly be distortional 
buckling. However, this statement was proved to be incorrect using the stress profiles 
(Figures 6.6 and 6.7). At the failure, the higher stresses were observed at the free edge 
of the compression lip for the section with “θ=90º” while the compression flange 
experienced the higher stresses for the section with “θ=40º”. This demonstrated that 
the section “b/t=30, c/t=10, θ=90º” failed by distortional buckling while the failure 
mode for the section “b/t=30, c/t=10, θ=40º” was local buckling. For both sections, 
combined local/distortional buckling was dominant prior to failure.  
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(a) 
 
 
 (b) 
 
Figure 6.5 Deformed shapes at failure (maximum load) for section “b/t=30, c/t=10” 
(a) θ = 90º; (b) θ = 40º 
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(a) 
 
 
 (b) 
 
Figure 6.6 Stress profiles for section “b/t=30, c/t=10, θ=90º” (a) at 90% of 
maximum load prior to failure (b) at failure (maximum load) 
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(a) 
 
 
 (b) 
 
Figure 6.7 Stress profiles for section “b/t=30, c/t=10, θ=40º” (a) at 90% of 
maximum load prior to failure (b) at failure (maximum load) 
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It was observed in Figure 6.2 that the “optimum lip size-to-thickness ratio for 
distortional buckling moment (c/t)d” was reduced for reductions in the edge stiffener 
inclination angle θ; the cross-section attained its maximum moment capacity for 
smaller c/t ratios when the angle of inclination θ was reduced. Figure 6.8 shows the 
moment capacities for the sections “b/t=30, θ=40º” and “b/t=30, θ=90º”, for varying 
c/t ratios. It was found that (c/t)d was 12.5 for the section with “θ=90º” while it was 
7.5 for the one with “θ=40º”. As explained above, the section “b/t=30, c/t=10, θ=40º” 
failed by local buckling of the compression flange. The sections with c/t ratios lower 
than “c/t=10” failed by distortional buckling (Figures 6.11 and 6.12). For the section 
“b/t=30, θ=90º”, the one with “c/t=15” failed by local buckling (Figure 6.14) while 
the ones with c/t ratios lower than “c/t=15” failed by either distortional buckling or 
local-distortional interaction buckling (Figures 6.6 and 6.13). It was concluded that 
the beneficial effect of the increased lip size on cross-sectional bending resistance 
vanished when the failure mode changed from distortional buckling or local-
distortional interaction buckling to local buckling. It was demonstrated that the 
deviation of the edge stiffener from the right angle not only reduced the bending 
resistance of the cross-section but also reduced the beneficial effect of the increased 
lip size on bending resistance. It was observed that the reduction in the beneficial 
effect of the increased lip size, caused by deviation of the lip from the right angle, 
occurred with a lower rate when the flange width-to-thickness ratio b/t was increased 
(Figures 6.9 and 6.10).  
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Figure 6.8 Variations in ultimate moment capacities, normalized by yield moments, 
for different lip size-to-thickness ratios for section “b/t=30” 
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Figure 6.9 Variations in ultimate moment capacities, normalized by yield moments, 
for different lip size-to-thickness ratios for section “b/t=35” 
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Figure 6.10 Variations in ultimate moment capacities, normalized by yield moments, 
for different lip size-to-thickness ratios for section “b/t=40” 
 
 
 
 
Figure 6.11 Stress profile at failure for section “b/t=30, c/t=5, θ=40º”  
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Figure 6.12 Stress profile at failure for section “b/t=30, c/t=7.5, θ=40º”  
 
 
 
 
Figure 6.13 Stress profile at failure for section “b/t=30, c/t=12.5, θ=90º”  
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Figure 6.14 Stress profile at failure for section “b/t=30, c/t=15, θ=90º” 
 
6.3 Comparison between FE results and predictions from 
design codes 
Moment capacities for the considered cross-sections were determined using the 
design guidelines available in Eurocode 3 (EC3) (2006a,b) and the direct strength 
method (DSM) (Schafer and Pekoz 1998a, DSM 2004). The bending resistances 
obtained from design codes were compared to those obtained from FE models to 
examine the accuracy of the design codes taking into account the effect of local and 
distortional buckling.  
6.3.1 Eurocode predictions 
Table 6.2 shows different programs written in this study using the design 
guidelines available in EN 1993-1-3:2006 and EN 1993-1-5:2006 (see 5.3.1). 
Programs (L-D)1 to (L-D)6, available in Appendixes A1 to A6, take into account the 
effect of both local and distortional buckling, while only the effect of local buckling is 
taken into account in programs L1 to L8, available in Appendixes A9 to A16.  
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Table 6.2 Different programs, written in this study, using the design guidelines 
available in EN 1993-1-3:2006 and EN 1993-1-5:2006 
Program 
Local 
buckling 
Distortional 
buckling 
Step 3 for 
distortional 
buckling 
Flange 
buckling 
factor Kf 
Compression 
lip
 
Compression lip 
for c/b < 0.2 
(L-D)1 yes yes yes 4 method Leff,1 ignored 
(L-D)2 yes yes no 4 method Leff,1 ignored 
(L-D)3 yes yes yes 4 method Leff,1 included 
(L-D)4 yes yes no 4 method Leff,1 included 
(L-D)6 yes yes no Eq. (6.3) method Leff,3 included 
L1 yes no no 4 method Leff,1 ignored 
L2 yes no no 4 method Leff,1 included 
L3 yes no no Eq. (5.2) method Leff,1 included 
L6 yes no no Eq. (6.1) method Leff,1 included 
L7 yes no no Eq. (6.3) method Leff,1 included 
L8 yes no no Eq. (6.3) method Leff,3 included 
 
 
Figures 6.15 to 6.17 show the comparison between the moment capacities obtained 
from the FE models of set 1 and those obtained from programs (L-D)1 and (L-D)3, for 
varying angles of inclination of the edge stiffener θ. It was found that the Eurocode 
predictions were highly conservative (about 35% on average) for the sections with 
small lips and small angles of inclination of the lip i.e. sections with “c'/b < 0.2” 
where “c'” is the height of the lip perpendicular to the flange (c×sinθ). This is due to 
the neglect of the compression lip according to clause 5.2(2) of EN 1993-1-3:2006 
(see 5.3.1). Apart from the sections with “c'/b < 0.2”, the Eurocode procedure 
(allowing for both local and distortional buckling) was found to be unconservative for 
all angles of inclination of the edge stiffener with overall mean and standard deviation 
of 0.90 and 0.03, respectively, for MFE-to-MEC3 ratios. It was found that the Eurocode 
procedure was 8% unconservative for the sections with “c'/b < 0.2” when their 
compression lips were included in the calculations [see Figures 6.15(b), 6.16(b) and 
6.17(b)]. It was observed that the Eurocode predictions became more unconservative 
for larger deviations of the edge stiffener from the right angle. Table 6.3 shows the 
overall comparison between the FE results of set 1 and Eurocode predictions 
[programs (L-D)1, (L-D)3 and (L-D)6], for different edge stiffener inclination angles θ. 
No significant change, in the accuracy of the predictions, was observed from “θ=90º” 
to “θ=70º”. However, the Eurocode procedure was found to become 5% more 
unconservative for a reduction in the angle of inclination from “θ=90º” to “θ=40º”. 
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The neglect of step 3 in the distortional buckling procedure (see 5.3.1) led to overall 
mean and standard deviation of 0.91 and 0.02 respectively [programs (L-D)2 and (L-
D)4].   
 
 
Table 6.3 Overall comparison between FE results of set 1 and predictions obtained 
from programs (L-D)1, (L-D)3 and (L-D)6 
Angle of inclination θ 
MABAQUS 
/MEurocode,(L-D)1 
MABAQUS 
/MEurocode,(L-D)3 
MABAQUS 
/MEurocode,(L-D)6 
90 0.92 0.92 0.95 
80 0.92 0.92 0.95 
70 0.91 0.91 0.95 
60 0.90 0.91 0.94 
50 0.89 0.90 0.94 
40 0.87 0.88 0.95 
Overall mean 0.90 0.91 0.95 
Standard deviation  0.03 0.03 0.03 
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                (b) 
Figure 6.15 Comparison between FE results of set 1 and predictions obtained from 
Eurocode 3 for section “b/t = 30” (a) program (L-D)1; (b) program (L-D)3 
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            (b) 
Figure 6.16 Comparison between FE results of set 1 and predictions obtained from 
Eurocode 3 for section “b/t = 35” (a) program (L-D)1; (b) program (L-D)3 
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            (b) 
Figure 6.17 Comparison between FE results of set 1 and predictions obtained from 
Eurocode 3 for section “b/t = 40” (a) program (L-D)1; (b) program (L-D)3 
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Figures 6.18 to 6.20 show the comparison between the moment capacities obtained 
from the FE models of set 2 and those obtained from program L2, for varying edge 
stiffener inclination angles θ (compression lip is included for all sections in program 
L2). Apart from the sections with “c'/b < 0.2”, the local buckling procedure available 
in EC3 was found to be unconservative for all angles of inclination of the edge 
stiffener with overall mean and standard deviation of 0.95 and 0.02 respectively. For 
the sections with “c'/b < 0.2”, the local buckling procedure was about 60% 
conservative on average when their compression lips were ignored in accordance with 
clause 5.2(2) of EN 1993-1-3:2006 while it was 5% unconservative on average when 
their compression lips were included in the calculations. It was observed that the local 
buckling procedure was slightly more unconservative for smaller angles of inclination 
of the edge stiffener θ.  
Table 6.4 shows the overall comparison between FE results of set 2 and Eurocode 
predictions (programs L2, L3, L6, L7, L8), for different edge stiffener inclination 
angles. It was illustrated in 5.3.1 that the buckling factor of 4, considered in EC3 for 
edge-stiffened compression flanges, produced unconservative results for the flange 
effective widths for the sections with c/b ratios less than the “optimum c/b ratio for 
local buckling moment (c/b)l”. Equations (5.2) to (5.4), based on the FE results, were 
proposed in 5.3.1 to determine the flange buckling factors Kf for different c/b ratios. 
Overall, the local buckling procedure was found to become 2% less unconservative 
using the flange buckling factors proposed in 5.3.1, with overall mean and standard 
deviation of 0.97 and 0.03 respectively (program L3). It was observed that there was 
no change in the accuracy of the predictions for reductions in the angle of inclination 
from “θ=90º” to “θ=60º” but the Eurocode predictions became more unconservative 
for further reductions from “θ=60º” to “θ=40º”. Table 6.5 shows the comparison 
between the FE results of set 2 for the sections “b=70, c=20, θ=90º” and “b=70, c=30, 
θ=40º”. It was observed that both sections, which have identical flange widths but 
different lip sizes, had identical “MABAQUS,L/My”. It was noticed that the height of the 
lip perpendicular to the flange (c×sinθ) is almost the same for both sections. This 
indicates that the rotational stiffness, provided to the compression flange by the edge 
stiffener, depends on the perpendicular height of the lip rather than the slant height. 
Therefore, the flange buckling factors proposed in 5.3.1 for upright edge stiffeners 
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needed to be modified for inclined edge stiffeners. Equation (5.2), proposed in 5.3.1, 
was modified as follows: 
 
       
( )[ ] sinθc/ba0.43 1 ××+      ,     for oo 60θ40 <≤  
       ( )c/ba0.43 1 ×+                  ,     for oo 90θ60 ≤≤  
 
where: 
 
 ( )l1 c/b
0.434
a
−
=                                                                                                        (6.2) 
 
 
 
 
( ) =lc/b                                                        ,     (see 5.2.2)                                  (6.3) 
 
 
 
 
 
Table 6.4 Overall comparison between FE results of set 2 and predictions obtained 
from programs L2, L3, L6, L7, L8 
Angle of inclination θ 
MABAQUS,L 
/MEurocode,L2 
MABAQUS,L 
/MEurocode,L3 
MABAQUS,L 
/MEurocode,L6 
MABAQUS,L 
/MEurocode,L7 
MABAQUS,L 
/MEurocode,L8 
90 0.95 0.97 0.97 0.97 0.98 
80 0.95 0.97 0.97 0.97 0.98 
70 0.95 0.97 0.97 0.97 0.98 
60 0.95 0.97 0.97 0.97 0.98 
50 0.94 0.96 0.99 0.98 0.99 
40 0.93 0.95 1.00 0.99 1.01 
Overall mean 0.95 0.97 0.98 0.98 0.99 
Standard deviation  0.02 0.03 0.04 0.03 0.03 
 
(30/60)     for b/t = 30 
(30/70)     for b/t = 35 
(25/80)     for b/t = 40 
(20/90)     for b/t = 45 
Kf =      (6.1)  
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Figure 6.18 Comparison between Eurocode predictions obtained from program L2 and 
FE results of set 2 for section “b/t = 30”  
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Figure 6.19 Comparison between Eurocode predictions obtained from program L2 and 
FE results of set 2 for section “b/t = 35”  
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Figure 6.20 Comparison between Eurocode predictions obtained from program L2 and 
FE results of set 2 for section “b/t = 40” 
 
 
Table 6.5 Comparison between FE results for sections (b=70, c=20, θ=90º) and 
(b=70, c=30, θ=40º) 
Section 
Slant lip 
c (mm) 
Angle of 
inclination θ 
Perpendicular lip  
c×sinθ (mm) 
MABAQUS,L / My 
b=70,c=20,θ = 90º 20 90º 20.0 0.95 
b=70,c=30,θ = 40º 30 40º 19.3 0.95 
 
 
It was observed that the local buckling procedure using the flange buckling factors 
obtained from Equation (6.1) generally provided better predictions for the sections 
with smaller edge stiffener inclination angles θ (program L6). For the sections with   
“θ < 60º”, the overall mean was 0.99 for program L6 while it was 0.96 for program L3. 
Figures 6.21 to 6.23 show the comparison between the moment capacities obtained 
from the FE models of set 2 and those obtained from program L6, for different angles 
of inclination of the edge stiffener θ. It was observed that Equation (6.1) resulted in 
Angle of inclination of edge stiffener θ 
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conservative predictions for the sections with “c/b < (c/b)l”. For example, program L6 
was 5% and 8% conservative for the sections “b=60, c=15, θ=40º” and “b=70, c=15, 
θ=40º” respectively. Therefore, Equation (6.1) was modified as follows: 
 
       ( )[ ] 21 ac/ba0.43 ××+      ,     for oo 60θ40 <≤  
       ( )c/ba0.43 1 ×+               ,    for o60θ ≥  
 
where: 
 
( )l1 c/b
0.434
a
−
=                                                                                                         (6.5) 
 
( ) ( )( )[ ] sinθc/bc/b1a l2 ×−−=      ,     1a 2 ≤                                                          (6.6) 
 
 
The flange buckling factors Kf obtained from Equation (6.4) were included in 
program L7. Figures 6.24 to 6.26 show the comparison between the moment 
capacities obtained from the FE models of set 2 and those obtained from program L7, 
for different edge stiffener inclination angles θ. It was observed that Equation (6.4) 
produced less conservative predictions for the sections with “c/b < (c/b)l”. Program L7 
was 1% and 5% conservative for the sections “b=60, c=15, θ=40º” and “b=70, c=15, 
θ=40º” respectively. Furthermore, it was found that Equation (6.4) provided less 
unconservative predictions for the sections with “c/b > (c/b)l”. For example, program 
L6 was 4% and 7% unconservative for the sections “b=70, c=35, θ=40º” and “b=80, 
c=35, θ=40º”, respectively, while program L7 led to 3% and 5% unconservative 
results for these sections.  
 
 
 
 
Kf =      (6.4)  
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Figure 6.21 Comparison between Eurocode predictions obtained from program L6 and 
FE results of set 2 for section “b/t = 30” 
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Figure 6.22 Comparison between Eurocode predictions obtained from program L6 and 
FE results of set 2 for section “b/t = 35”  
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Figure 6.23 Comparison between Eurocode predictions obtained from program L6 and 
FE results of set 2 for section “b/t = 40”  
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Figure 6.24 Comparison between Eurocode predictions obtained from program L7 and 
FE results of set 2 for section “b/t = 30”  
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Figure 6.25 Comparison between Eurocode predictions obtained from program L7 and 
FE results of set 2 for section “b/t = 35”  
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Figure 6.26 Comparison between Eurocode predictions obtained from program L7 
and FE results of set 2 for section “b/t = 40” 
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It was illustrated in 5.3.1 that the Eurocode procedure, using the “mixed effective 
width/effective thickness” method (Annex D of EN 1993-1-3:2006) for outstand 
compression lips, provided less unconservative results for the sections with higher c/t 
ratios. In program L8, the “mixed effective width/effective thickness” method was 
used to calculate the effective cross-sectional area for outstand compression lips 
rather than using the effective width method (clause 4.4 of EN 1993-1-5:2006). 
Figures 6.27 to 6.29 show the comparison between the moment capacities obtained 
from the FE models of set 2 and those obtained from program L8, for varying angles 
of inclination of the edge stiffener θ. For the sections with higher c/t ratios (c/t ≥ 15), 
the local buckling procedure was found to become about 3% less unconservative 
when the “mixed effective width/effective thickness” method was used for outstand 
compression lips. The local buckling procedure, using Equation (6.4) for flange 
buckling factors and the “mixed effective width/effective thickness” method for 
outstand compression lips, was found to be only 1% unconservative on average 
(program L8).  
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Figure 6.27 Comparison between Eurocode predictions obtained from program L8 and 
FE results of set 2 for section “b/t = 30”  
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Figure 6.28 Comparison between Eurocode predictions obtained from program L8 and 
FE results of set 2 for section “b/t = 35”  
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Figure 6.29 Comparison between Eurocode predictions obtained from program L8 and 
FE results of set 2 for section “b/t = 40”  
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Figures 6.30 to 6.32 show the comparison between the results obtained from the 
FE models of set 1 and those obtained from program (L-D)6. The predictions obtained 
from EC3 procedure (allowing for both local and distortional buckling) was found to 
become about 5% less unconservative on average when the following modifications 
were taken into account (see Tables 6.2 and 6.3): 
• Step 3, the iterative process to refine χd, was ignored in the distortional 
buckling procedure.  
• The proposed buckling factors Kf, obtained from Equation (6.4), were 
applied to the compression flanges in the local buckling procedure. 
• The “mixed effective width/effective thickness” method, available in 
Annex D of EN 1993-1-3:2006, was used to calculate the effective cross-
sectional area of outstand compression lips in the local buckling procedure. 
Moreover, it was found that the Eurocode procedure was only 1% conservative for 
the sections with “c'/b < 2” when their compression lips were included in the 
calculations and the Equation (6.4) was used to obtain the buckling factors for their 
compression flanges. The Eurocode procedure was about 35% conservative for these 
sections when their compression lips were completely ignored in the calculations.  
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Figure 6.30 Comparison between Eurocode predictions obtained from program (L-D)6 
and FE results of set 1 for section “b/t = 30”  
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Figure 6.31 Comparison between Eurocode predictions obtained from program (L-D)6 
and FE results of set 1 for section “b/t = 35”  
Angle of inclination of edge stiffener θ 
M
A
B
A
QU
S 
/ M
Eu
ro
co
de
,
(L
-
D
)6 
Angle of inclination of edge stiffener θ 
M
A
B
A
QU
S 
/ M
Eu
ro
co
de
,
(L
-
D
)6 
156 
 
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
40 50 60 70 80 90
 c/t=7.5
 c/t=10.0
 c/t=12.5
 c/t=15.0
 c/t=17.5
 c/t=20.0
 
 
Figure 6.32 Comparison between Eurocode predictions obtained from program (L-D)6 
and FE results of set 1 for section “b/t = 40”  
6.3.2 Predictions from direct strength method (DSM) 
The direct strength method (DSM) (Schafer and Peköz 1998a, DSM 2004) applies 
a series of ultimate strength curves to the entire member for local and distortional 
buckling separately. The cross-sectional bending resistances for local, distortional and 
combined local/distortional buckling were obtained using Equations (5.5) to (5.9). 
Table 6.6 shows the overall accuracy of the direct strength method (DSM) and 
Eurocode 3 (EC3) in predicting the bending resistances for the considered cross-
sections. The DSM was found to be 7% unconservative on average for local buckling 
analyses; this was 2% more unconservative than the current EC3. The DSM was 
found to be 3% unconservative on average for analyses allowing for both local and 
distortional buckling; this was 7% less unconservative than the current EC3.  
Figures 6.33 to 6.35 show the comparison between the results obtained from the 
FE models of set 1 and those obtained from the DSM allowing for both local and 
distortional buckling. The DSM was found to become less unconservative for smaller 
edge stiffener inclination angles θ. The overall mean for MFE-to-MDSM ratios was 1.00 
for the sections with “θ ≤ 50º” while it was 0.94 for the sections with “θ ≥ 80º”. 
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However, the EC3 procedure was proved to be more unconservative for smaller 
angles of inclination of the edge stiffener; the overall mean for MFE-to-MEC3 ratios 
was 0.88 for the sections with “θ ≤ 50º” (apart from the sections with c'/b < 0.2). It 
was; therefore, concluded that the DSM was considerably more reliable than the 
current EC3 in predicting the cross-sectional bending resistances considering both 
local and distortional buckling, for the sections with small angles of inclination of the 
edge stiffener.   
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Figure 6.33 Comparison between FE results of set 1 and predictions obtained from 
direct strength method allowing for both local and distortional buckling, for b/t = 30 
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Figure 6.34 Comparison between FE results of set 1 and predictions obtained from 
direct strength method allowing for both local and distortional buckling, for b/t = 35 
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Figure 6.35 Comparison between FE results of set 1 and predictions obtained from 
direct strength method allowing for both local and distortional buckling, for b/t = 40 
M
A
B
A
QU
S 
/ M
D
S(
l-d
) 
Angle of inclination of edge stiffener θ 
M
A
BA
QU
S 
/ M
D
S(
l-d
) 
Lip size-to-thickness ratio c/t  
159 
 
Table 6.6 Comparisons between the results obtained from FE models and those 
obtained from direct strength method (DSM) and Eurocode 3 (EC3) 
Angle of inclination θ 
MABAQUS,L 
/MEurocode,L1 
MABAQUS,L 
/MDSl 
MABAQUS,L 
/MEurocode,(L-D)1 
MABAQUS,L 
/MDSd 
90 0.95 0.94 0.92 0.93 
80 0.95 0.94 0.92 0.94 
70 0.95 0.94 0.91 0.96 
60 0.95 0.94 0.90 0.97 
50 0.94 0.93 0.89 0.99 
40 0.93 0.92 0.87 1.01 
Overall mean 0.95 0.93 0.90 0.97 
Standard deviation  0.02 0.03 0.03 0.05 
 
6.4 Conclusions 
Comprehensive parametric studies, using the general purpose FE package 
ABAQUS (2007), were carried out to investigate the effect of the angle of inclination 
of the edge stiffener (lip) on the buckling behaviour of laterally-restrained cold-
formed steel Z-section beams.  
The deviation of the edge stiffener up to 20º from the right angle did not 
significantly affect the bending resistances for cold-formed Z sections. However, 
there was a significant reduction in moment capacities for further deviation of the 
edge stiffener from the angle of inclination of 70º to an angle of 40º; the moment 
capacity was reduced by 10% on average. This suggest that manufacturers should 
avoid sloping edge stiffeners with more that 20º deviation from the right angle.  
Depending on the way in which the lip is formed, transitions between local, 
combined local/distortional and distortional buckling were observed. The beneficial 
effect of the increased lip size on cross-sectional bending resistance vanished when 
the failure mode changed from distortional or local-distortional interaction buckling to 
local buckling. The cross-section attained its maximum bending resistance for smaller 
lip size-to-flange width c/b ratios when the deviation of the edge stiffener from the 
right angle became larger. This indicates that the beneficial effect of the increased lip 
size on cross-sectional bending resistance is higher for edge stiffeners with smaller 
deviations from the right angle.  
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The accuracy of the Eurocode 3 (EC3) (2006a,b) and direct strength method 
(DSM) (Schafer and Peköz 1998a, DSM 2004) in predicting cross-sectional bending 
resistances was checked against the FE results. Overall, the EC3 local buckling 
procedure was found to be 5% unconservative for all angles of inclination of the edge 
stiffener [apart from the sections with (c×singθ) / b < 0.2] while the unconservatism 
of EC3 became 10% when allowing for both local and distortional buckling. Overall, 
the DSM was 7% unconservative in predicting local buckling moments.  
The EC3 approach allowing for both local and distortional buckling was found to 
be more unconservative for larger deviations of the edge stiffener from the right 
angle. There was no significant change in the accuracy of the EC3 approach from the 
angle of inclination of 90˚ to an angle of 70˚ while the EC3 predictions were found to 
become 5% more unconservative on average for a deviation of 50˚ from the right 
angle (from θ = 90˚ to θ = 40˚). However, the DSM provided the best agreement with 
the FE results for the sections with small edge stiffener inclination angles, with an 
overall mean of 1.00 for MFE-to-MDSM ratios. 
The flange buckling factors proposed in chapter 5, Equation (5.2), for the sections 
with upright edge stiffeners provided better predictions for local buckling moments 
but needed to be modified for small angles of inclination i.e. θ < 60º. The flange 
buckling factors proposed in this chapter, Equation (6.4), produced the best agreement 
with the results of FE models (local buckling analyses) for all angles of inclination of 
the edge stiffener with an overall mean of 0.99 for MFE-to-MEC3 ratios (mixed 
effective width/effective thickness method was used for outstand compression lips).   
The EC3 approach, considering both local and distortional buckling, was found to 
be 35% conservative on average for the sections with “(c×singθ) / b < 0.2” due to 
clause 5.2(2) of EN 1993-1-3:2006 which ignores the compression lip for these 
sections. The conservatism of EC3 was reduced to 1% when the compression lips 
were included in the calculations and Equation (6.4), proposed in this chapter, was 
used to determine the buckling factors for the compression flanges.   
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Chapter 7 
 
Buckling behaviour and design of laterally-restrained 
cold-formed Z-section beams with high strength steels 
 
7.1 Introduction 
The use of high strength steels with yield stresses up to 550 MPa has rapidly 
increased in recent years, especially for steel framed houses with thin sections. Recent 
investigations have revealed a disappointing lack of increased bending resistance in 
line with increased material strength for cold-formed steel sections. The extent to 
which the cross-sectional bending resistance is increased for higher material strength 
is contingent upon the buckling behaviour of the member. A full scale research 
investigation has been undertaken in this area with the aid of the nonlinear finite 
element approach previously described in chapter 3.                                                                                                                            
7.2 Numerical investigation 
7.2.1 Basics of FE models 
The finite element simulation, verified in chapter 3 against a series of four-point 
bending tests (Yu and Schafer 2006), has been used for the purpose of parametric 
study in this chapter.  
The beams have a constant span of 4.88m with loads applied at 1/3rd points i.e. 
four-point bending (see chapter 3 for material modelling, initial geometric 
imperfections, etc.). Lateral-torsional buckling was effectively restricted in all FE 
models (see 3.3.1). The elastic modulus of 210 GPa was assigned to all Z-section 
beams. The material yield strength “fy”, flange width “b”, lip size “c” and angle of 
inclination of the edge stiffener “θ” were changed keeping the height of the web “h”, 
thickness “t” and internal corner radius-to-thickness ratio “ri/t” constant. The values 
for h, t and ri/t were taken as 200 mm, 2 mm and 1.0 respectively. Figure 7.1 shows 
the definitions for cross-sectional dimensions. A total of 264 combinations between 
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fy, b/t, c/t and θ were considered with fy varying from 200 MPa to 700 MPa, b/t 
varying from 30 to 40, c/t varying from 5 to 20 and θ taken as 40º and 90º.  
 
 
Figure 7.1 Definitions for cross-sectional dimensions 
 
7.2.2 Results of FE models 
Figures 7.2 to 7.4 show the moment capacities for different material yield strengths 
fy, obtained from the FE models with right-angled edge stiffeners. It was found that 
the extent of benefit obtained for a cold-formed Z section, by increasing the material 
yield strength, significantly depended on the lip size-to-flange width c/b ratio of the 
section. It was illustrated in 5.2.2 that the lip size-to-flange width ratio c/b was the key 
figure to determine the buckling mode by which the section failed; the higher the c/b 
ratio the greater the tendency for behaviour to be governed by local buckling. Overall, 
increasing the material yield strength was found to be more beneficial for the sections 
for which local buckling was the dominant buckling mode i.e. sections with higher c/b 
ratios. It was observed that for all considered cross-sections, regardless of their c/b 
ratio, there was a lack of increased bending resistance in line with increased material 
strength above a material yield strength of about 350 MPa. This disappointing lack of 
increased moment capacity was found to be more significant for the sections with a 
greater tendency for behaviour to be governed by distortional buckling i.e. sections 
with smaller c/b ratios. No significant increase in cross-sectional bending resistance 
was observed beyond a material yield strength of about 500 MPa, for the sections 
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with “0.1 ≤ c/b ≤ 0.2”. It was concluded that the use of high strength steels was not an 
appropriate solution to increase the bending resistance for the sections failing by 
distortional buckling. The distortional buckling slenderness as well as the local 
buckling slenderness increased for increases in material yield strength. The increased 
distortional and local bucking slenderness affect the stability of the member resulting 
in a greater loss of cross-sectional effectiveness. This reduced the benefit of high 
strength steels on cross-sectional bending resistance, especially for the sections for 
which distortional buckling was the mode of failure.  
Figure 7.5 shows the variations in moment capacities for increases in material 
strengths fy, for different angles of inclination of the edge stiffener “θ = 40º and 90º”. 
Figure 7.6 illustrates the failure modes for the considered cross-sections. The lack of 
increased bending resistance, in line with increased material strength, was found to be 
more significant for the section with “θ = 40º” failing by distortional buckling than for 
the section with “θ = 90º” failing by local-distortional interaction buckling. It was, 
therefore, concluded that the lip angle as well as the lip size-to-flange width ratio was 
an important figure to assess the beneficial effect of the increased material strength on 
cross-sectional bending resistance. 
It is noted that the observed failure strains i.e. strains at maximum load, for the 
considered cross-sections were very low and hence the strain hardening part of the 
stress-strain curve had no significant effect on cross-sectional bending resistances.  
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Figure 7.2 Variations in ultimate moment capacities for different material yield 
strengths, for section “b/t = 30”  
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Figure 7.3 Variations in ultimate moment capacities for different material yield 
strengths, for section “b/t = 35”  
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Figure 7.4 Variations in ultimate moment capacities for different material yield 
strengths, for section “b/t = 40”  
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Figure 7.5 Variations in ultimate moment capacities for different material yield 
strengths, for section “b/t = 40, c/t = 10” 
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(a) 
 
 
 (b) 
Figure 7.6 Stress profiles at failure (maximum load) for section “b/t = 40, c/t = 10, fy 
= 350 MPa” (a) θ = 40º; (b) θ = 90º 
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7.3 Eurocode predictions 
Bending resistances for the considered cross-sections were determined using the 
design guidelines available in Eurocode 3 (EC3) (2006a,b). The accuracy of the 
Eurocode predictions for different material yield strengths was checked against the FE 
results. Table 7.1 shows two different programs written in this study using the design 
guidelines available in EN 1993-1-3:2006 and EN 1993-1-5:2006 (see 5.3.1). 
Programs (L-D)1 and (L-D)2, available in Appendixes A1 and A2, take into account 
the effect of both local and distortional buckling.  
 
Table 7.1 Different programs, written in this study, using the design guidelines 
available in EN 1993-1-3:2006 and EN 1993-1-5:2006 
Program 
Local 
buckling 
Distortional 
buckling 
Step 3 for 
distortional buckling 
Flange buckling 
factor Kf 
Compression 
lip
 
Compression 
lip for c/b < 0.2 
(L-D)1 yes yes yes 4 method Leff,1 ignored 
(L-D)2 yes yes no 4 method Leff,1 ignored 
 
 
Figures 7.7 to 7.9 show the comparison between the results obtained from the FE 
models with right-angled edge stiffeners and the predictions from program (L-D)1, for 
varying material yield strengths fy. The EC3 predictions were highly conservative 
(30% on average) for the sections with “c/b < 0.2” for which the compression lip was 
ignored according to clause 5.2(2) of EN 1993-1-3:2006; these sections were not 
included in Figures 7.7 to 7.9. The EC3 approach provided the best agreement with 
the FE results for the sections with high strength steels, 500 MPa ≤ fy ≤ 700 MPa, 
with an overall mean of 1.01. The EC3 approach produced the most unsatisfactory 
predictions for the sections with low strength steels, 250 MPa ≤ fy ≤ 350 MPa, with an 
overall mean of 0.93.  
For the section “b/t=40, c/t=10”, the lowest accuracy of EC3 was found to 
correspond to the material yield strength of 300 MPa, while the highest accuracy was 
observed for the material yield strength of 550 MPa. Figures 7.10 to 7.14 illustrate the 
failure modes obtained from ABAQUS for the section “b/t=40, c/t=10” with different 
material yield strengths fy. The FE analyses revealed that transitions between local, 
combined local/distortional and distortional buckling occurred when the material 
strength fy was varied. It was observed that the section failure mode changed from 
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local-distortional interaction buckling to distortional buckling for an increase in 
material yield strength from 250 MPa to 300 MPa while it shifted back to local-
distortional interaction buckling for further increases to 350 MPa.  The change in the 
failure mode from local-distortional interaction buckling to distortional buckling was 
also observed for an increase in material yield strength from 550 MPa to 600 MPa. It 
was found that for the considered cross-section, the EC3 predictions became more 
unconservative from “fy=200 MPa” to “fy=300 MPa” and from “fy=550 MPa” to 
“fy=700 MPa”. The EC3 predictions shifted towards conservatism from “fy=300 
MPa” to “fy=550 MPa”. It was, therefore, concluded that the trend in the accuracy of 
EC3 was altered when the increase in material yield strength caused a major change in 
the failure mode of the section. Overall, the Eurocode predictions shifted towards 
unconservatism when the increased material yield strength intensified the tendency of 
the section for behaviour to be governed by distortional buckling.  
It was recommended in 5.3.1 to ignore step 3 in the distortional buckling 
procedure; this recommendation was made for the sections with “fy = 300 MPa”. 
Table 7.2 shows the accuracy of programs (L-D)1 and (L-D)2 for different material 
yield strengths fy. It was found that ignoring step 3 did not significantly affect the 
results for the sections with “fy < 500 MPa”; the predictions became 1% less 
unconservative on average. The reduced slenderness redp,λ , presented in step 3 to 
modify the effective widths for local buckling [see program (L-D)1 in Appendix A1], 
was found to be significantly lower than pλ  for the sections with “fy ≥ 500”. This 
resulted in very conservative EC3 predictions for the sections with “fy ≥ 500” when 
step 3 was ignored. It is, therefore, recommended to ignore step 3 in the distortional 
buckling procedure for the sections with “fy < 500 MPa”.  
169 
 
0.0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1.0
1.1
200 250 300 350 400 450 500 550 600 650 700
 c/t=7.5
 c/t=10.0
 c/t=15.0
 c/t=20.0
 
 
Figure 7.7 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)1, for section “b/t = 30” 
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Figure 7.8 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)1, for section “b/t = 35” 
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Figure 7.9 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)1, for section “b/t = 40” 
 
Table 7.2 Overall comparison between FE results and predictions obtained from 
programs (L-D)1 and (L-D)2 
fy (MPa) MABAQUS /MEurocode,(L-D)1 
MABAQUS 
/MEurocode,(L-D)2 
200 0.95 0.95 
250 0.93 0.93 
300 0.92 0.93 
350 0.93 0.94 
400 0.95 0.97 
450 0.97 1.00 
500 0.99 1.03 
550 1.00 1.05 
600 1.01 1.07 
650 1.02 1.08 
700 1.02 1.09 
Overall mean 0.97 1.00 
Standard deviation % 0.04 0.07 
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Figure 7.10 Stress profile at failure (maximum load) for section “b/t = 40, c/t = 10,    
fy = 250 MPa” 
 
 
 
Figure 7.11 Stress profile at failure (maximum load) for section “b/t = 40, c/t = 10,    
fy = 300 MPa” 
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Figure 7.12 Stress profile at failure (maximum load) for section “b/t = 40, c/t = 10,    
fy = 350 MPa” 
 
 
 
Figure 7.13 Stress profile at failure (maximum load) for section “b/t = 40, c/t = 10,    
fy = 550 MPa” 
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Figure 7.14 Stress profile at failure (maximum load) for section “b/t = 40, c/t = 10,    
fy = 600 MPa” 
 
Figures 7.15 and 7.16 show the comparison between the FE results and the 
predictions from program (L-D)1 for varying material yield strengths fy, for the 
sections with right-angled and inclined edge stiffeners. It was observed that for the 
sections with “θ = 40º”, the EC3 predictions shifted towards unconservatism for high 
strength steels i.e. fy ≥ 500 MPa. Distortional buckling was the failure mode for the 
sections with high strength steels and small lip angles. This highlighted the 
aforementioned statement that the EC3 procedure became more unconservative when 
the section failure mode changed in favour of distortional buckling.  
Overall, the inclination of the edge stiffener led the EC3 predictions towards 
unconvervatism (Figures 7.15 and 7.16). This unconservative shift was found to be 
more significant for higher material strength; an example is shown in Table 7.3.  
 
Table 7.3 MFE-to-MEC3 ratios for section “b/t=40, c/t=15”, for different lip angles 
and material strengths  
                  fy 200 MPa 700 MPa 
40º 0.877 0.904 
90º 0.916 1.070 
θ 
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Figure 7.15 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)1, for section “b/t = 30, c/t = 10”  
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Figure 7.16 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)1, for section “b/t = 40, c/t = 15” 
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7.4 Conclusions 
A series of finite element analyses, using the general purpose FE package 
ABAQUS (2007), was carried out to study the effect of high material strength on the 
ultimate strength of cold-formed Z-section beams under local and distortional 
buckling. There was a linear increase in cross-sectional bending resistance in line with 
increased material strength up to material yield strength of about 350 MPa, beyond 
which a disappointing lack of increased moment capacity in line with increased 
material strength was observed. The extent of this disappointment was found to be 
contingent upon the governing mode of buckling (local, distortional or combined). 
The beneficial effect of higher material strength on bending resistances was greater 
for the sections with higher lip size-to-flange width ratios i.e. sections with greater 
tendency for behaviour to be governed by local buckling. The use of high strength 
steels, fy ≥ 500 MPa, was found not to be an appropriate approach to improve the 
bending resistance for the sections for which the failure was triggered by distortional 
buckling.  
The accuracy of Eurocode 3 (EC3) (2006a,b) in predicting the cross-sectional 
bending resistances for different material strengths fy was checked against the FE 
results. The EC3 approach produced reliable bending resistances for the sections with 
high strength steels, 500 MPa ≤ fy ≤ 700 MPa, with an overall mean of 1.01 for MFE-
to-MEC3 ratios. The most unsatisfactory predictions were observed for the sections 
with low strength steels, 250 MPa ≤ fy ≤ 350 MPa, with an overall mean of 0.93 for 
MFE-to-MEC3 ratios.  
 
 
 
 
 
 
 
 
 
 
 
176 
 
Chapter 8 
 
Buckling behaviour and design of laterally-restrained 
cold-formed lipped Z-section beams with intermediate 
stiffeners 
 
8.1 Introduction 
 Intermediate stiffeners are increasingly used in many types of steel structures. 
These stiffeners subdivide the plate elements into smaller sub-elements and hence 
considerably increase the local buckling capacity of cold-formed sections subjected to 
compressive stresses. This is because the local buckling slenderness (width-to-
thickness ratio) of the sub-elements is smaller than that of the original plate element. 
The shape, size and position of intermediate stiffeners significantly affects the 
stability of cold-formed steel members.  
A series of nonlinear finite element analyses has been carried out in this study to 
investigate the flexural behaviour of cold-formed Z sections with both edge and 
intermediate stiffeners in their flanges, under local and distortional buckling. The 
effect of the size and position of intermediate stiffeners as well as the effect of the 
edge stiffener/intermediate stiffener interaction on both the ultimate strength and the 
buckling of these sections has been studied. The knowledge gained from FE analyses 
was used to check the accuracy of the European design rules (2006a,b) in predicting 
the ultimate strengths for these sections.  
 
 
 
177 
 
8.2 Numerical investigation 
8.2.1 Basics of FE models 
The finite element model, verified in chapter 3, has been used to carry out 
comprehensive parametric studies to examine the effect of intermediate stiffeners, 
located in the flanges of the sections, on the buckling behaviour of cold-formed Z 
sections under pure bending.  
All Z-section beams have a constant span of 4.88m with loads applied at 1/3rd 
points i.e. four-point bending (see chapter 3 for material modelling, initial geometric 
imperfections, etc.). Lateral-torsional buckling was effectively restricted in all FE 
models (see 3.3.1). The elastic modulus “E” of 210 GPa and material yield strength 
“fy” of 300 MPa were assigned to all Z-section beams. The curved groove type of 
intermediate stiffener shown in Figure 8.1 was employed for all FE models. The 
position of the intermediate stiffener “a”, size of the intermediate stiffener “d”, flange 
width “b” and lip size “c” were changed keeping the height of the web “h”, thickness 
“t”, internal corner radius-to-thickness ratio “ri/t”, and angle of inclination of the edge 
stiffener “θ” constant. The values for h, t, ri/t and θ were taken as 200 mm, 2 mm, 1.0 
and 90º respectively. The definitions for cross-sectional dimensions are shown in 
Figure 8.1. A total of 90 combinations between d, a, b/t and c/t were considered with 
“d” varying from 6 mm to 14 mm, “a” varying from 8 mm to 55 mm, c/t varying from 
7.5 to 17.5 and b/t taken as 40 and 45. The values for “a” were taken based on the 
centre of the intermediate stiffener located at 2/8th, 3/8th, 4/8th, 5/8th and 6/8th of the 
inside flange width.  
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Figure 8.1 Definitions for cross-sectional dimensions 
8.2.2 Results of FE models 
Figures 8.2 to 8.9 show the variations in moment capacities for different positions 
of the intermediate stiffener, obtained from the FE models. It was observed that the 
cross-sectional bending resistance was influenced by changes in the position of the 
intermediate stiffener in the compression flange. Overall, the moment capacity of the 
section increased for increases in the distance “a” (see Figure 8.1) up to a certain limit 
beyond which the moment capacity was reduced. The maximum change in the 
moment capacity, for changes in the position of the intermediate stiffener, varied from 
1% to 5% with an overall mean of 3%. It was observed in Figures 8.2 to 8.7 that the 
optimum position of the intermediate stiffener, the position resulting in maximum 
cross-sectional bending resistance, shifted towards the web-to-flange junction for 
smaller lip size-to-flange width ratios c/b. Figures 8.10 to 8.12 show the stress profiles 
at failure (maximum load) for different c/b ratios when the intermediate stiffener is 
near the lip-to-flange junction. It was observed that the section with “c/b = 0.44” 
failed by local buckling while local-distortional interaction buckling and distortional 
buckling were the failure modes for the sections with “c/b = 0.31” and “c/b = 0.19” 
respectively. It was also observed that there was no distortional buckling at the 
flange 2 flange 1 
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intermediate stiffeners; distortional buckling only occurred at the edge stiffeners. 
Figures 8.14 to 8.17 show the variations in distortional buckling slenderness λd for 
different positions of the intermediate stiffener, obtained from CUFSM (Schafer 
2006). It was observed that the distortional buckling slenderness λd was reduced for 
increases in the distance “a”. It was, finally, concluded that in the sections with both 
intermediate and edge stiffeners, distortional buckling of the edge stiffener (lip/flange 
distortional buckling) was more severe when intermediate stiffeners shifted towards 
the lip-to-flange junction. It is, therefore, suggested that manufacturers place the 
intermediate stiffeners near the web-to-flange junctions, for the sections for which 
distortional buckling is the dominant buckling mode i.e. sections with small lip size-
to-flange width ratios c/b. Figure 8.13 shows the stress profile at failure (maximum 
load) for the section with “c/b = 0.19” when the intermediate stiffener is near the web-
to-flange junction. It was illustrated that the failure mode of the section changed for 
changes in the position of the intermediate stiffener in the compression flange. The 
section with “c/b = 0.19” failed by distortional buckling when the intermediate 
stiffener was near the lip-to-flange junction, while local-distortional interaction 
buckling was the failure mode when the intermediate stiffener was located near the 
web-to-flange junction. Lip/flange distortional buckling was found to be less severe 
when the intermediate stiffener shifted towards the web-to-flange junction; this 
allowed local buckling of the flange to interact with distortional buckling of the edge 
stiffener.  
For the sections for which local buckling was the dominant buckling mode i.e. 
sections with high lip size-to-flange width ratios c/b, the section attained its maximum 
bending resistance when the position of the intermediate stiffener allowed both parts 
of the compression flange (flange 1 and flange 2, shown in Figure 8.1) to be 
effectively supported at their edges under local buckling. This was the optimum 
position of the intermediate stiffener for local buckling. It was illustrated in Figures 
8.8 and 8.9 that the moment capacity of the section was reduced for any shift in the 
intermediate stiffener from this position. It was found that the “optimum position of 
the intermediate stiffener for local buckling” was not necessarily at the middle of the 
compression flange, where flange 1 and flange 2 have identical widths, and depended 
on the size of the stiffener. This optimum position was found to be closer to the web-
to-flange junction (flange 2 is smaller than flange 1) for larger intermediate stiffeners. 
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Figure 8.2 Variations in cross-sectional bending resistance for different positions of 
intermediate stiffener, for d/b = 0.067 (b = 90 mm, d = 6 mm) 
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Figure 8.3 Variations in cross-sectional bending resistance for different positions of 
intermediate stiffener, for d/b = 0.075 (b = 80 mm, d = 6 mm) 
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Figure 8.4 Variations in cross-sectional bending resistance for different positions of 
intermediate stiffener, for d/b = 0.111 (b = 90 mm, d = 10 mm) 
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Figure 8.5 Variations in cross-sectional bending resistance for different positions of 
intermediate stiffener, for d/b = 0.125 (b = 80 mm, d = 10 mm) 
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Figure 8.6 Variations in cross-sectional bending resistance for different positions of 
intermediate stiffener, for d/b = 0.156 (b = 90 mm, d = 14 mm) 
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Figure 8.7 Variations in cross-sectional bending resistance for different positions of 
intermediate stiffener, for d/b = 0.175 (b = 80 mm, d = 14 mm) 
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Figure 8.8 Variations in cross-sectional bending resistance for different positions of 
intermediate stiffener, for c/b = 0.39 (b = 90 mm, c = 35 mm) 
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Figure 8.9 Variations in cross-sectional bending resistance for different positions of 
intermediate stiffener, for c/b = 0.44 (b = 80 mm, c = 35 mm) 
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Figure 8.10 Stress profile at failure for “b/t = 40, d/b = 0.125, a/b = 0.12, c/b = 0.44” 
  
 
 
Figure 8.11 Stress profile at failure for “b/t = 40, d/b = 0.125, a/b = 0.12, c/b = 0.31” 
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Figure 8.12 Stress profile at failure for “b/t = 40, d/b = 0.125, a/b = 0.12, c/b = 0.19” 
 
 
 
Figure 8.13 Stress profile at failure for “b/t = 40, d/b = 0.125, a/b = 0.57, c/b = 0.19”  
 
186 
 
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
 d/b=0.067
 d/b=0.111
 d/b=0.156
 
 
Figure 8.14 Variations in distortional buckling slenderness for different positions of 
intermediate stiffener, obtain from CUFSM, for c/b = 0.17 (b = 90 mm, c = 15 mm) 
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Figure 8.15 Variations in distortional buckling slenderness for different positions of 
intermediate stiffener, obtain from CUFSM, for c/b = 0.19 (b = 80 mm, c = 15 mm) 
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Figure 8.16 Variations in distortional buckling slenderness for different positions of 
intermediate stiffener, obtain from CUFSM, for c/b = 0.28 (b = 90 mm, c = 25 mm) 
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Figure 8.17 Variations in distortional buckling slenderness for different positions of 
intermediate stiffener, obtain from CUFSM, for c/b = 0.31 (b = 80 mm, c = 25 mm) 
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Figure 8.18 illustrates the beneficial effect of intermediate stiffeners on moment 
capacity of an edge-stiffened cross-section, for different lip sizes while keeping the 
width of the flange constant. M' and M", presented in Figure 8.18, correspond to 
(MABAQUS,max/My)d/b≠0 and (MABAQUS/My)d/b=0 respectively. MABAQUS,max is the 
maximum cross-sectional bending resistance corresponding to the optimum position 
of the intermediate stiffener in the compression flange. It was found that the beneficial 
effect obtained by including intermediate stiffeners in the compression flange of edge-
stiffened sections was not identical for the sections with identical flange widths but 
different lip sizes. As explained in previous chapters, the sections with different lip 
size-to-flange width ratios c/b failed by different buckling modes. It was, therefore; 
concluded that the failure mode of an edge-stiffened section, not the width of its 
compression flange, was the key parameter to determine the extent of benefit which 
can be obtained by adding an intermediate stiffener in the compression flange of the 
section. It was observed that this benefit was significantly higher for the sections 
failing by local buckling (high c/b ratios) than for the sections failing by local-
distortional interaction buckling or distortional buckling (smaller c/b ratios).       
Figures 8.19 and 8.20 show the variations in maximum cross-sectional moment 
capacities MABAQUS,max (moment capacity for the optimum position of the intermediate 
stiffener), for different sizes of the intermediate stiffener d/b and varying lip size-to-
flange width ratios c/b. It was observed in Figure 8.19 that the maximum moment 
capacity of the section increased for increases in the size of the intermediate stiffener 
d/b; the rate of increase was reduced for larger intermediate stiffeners (higher d/b 
ratios). For the sections failing by local buckling (high c/b ratios), the increase in the 
maximum cross-sectional moment capacity was found to be significant when the size 
of the intermediate stiffener was increased up to the medium sizes “d/b = 0.10 to 
0.125” beyond which the rate of increase was considerably reduced. It was shown in 
Figure 8.20 that the maximum moment capacity of the section increased for increases 
in the lip size-to-flange width ratio c/b. It was observed that for the sections with 
small intermediate stiffeners, especially the sections with no intermediate stiffener, 
the beneficial effect of the increased lip size on cross-sectional bending resistance was 
considerably reduced beyond a certain lip size-to-flange width ratio i.e. often c/b 
ratios corresponding to the local-distortional interaction buckling failure. 
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Figure 8.18 Variations in beneficial effect of intermediate stiffener, for different lip 
size-to-flange width ratios 
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Figure 8.19 Variations in maximum cross-sectional bending resistance for different 
sizes of intermediate stiffener 
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Figure 8.20 Variations in maximum cross-sectional bending resistance for different 
lip size-to-flange width ratios 
8.3 Eurocode predictions 
Bending resistances for the considered cross-sections were determined using the 
design guidelines available in Eurocode 3 (EC3) (2006a,b). Table 8.1 shows two 
different programs written in this study using the design guidelines available in EN 
1993-1-3:2006 and EN 1993-1-5:2006 (see 5.3.1). Program (L-D)7 available in 
Appendix A7 takes into account the effect of distortional buckling for both edge and 
intermediate stiffeners, while distortional buckling of the intermediate stiffener is 
ignored in program (L-D)8 available in Appendix A8. The effect of local buckling was 
taken into account in both programs.  
 
Table 8.1 Different programs, written in this study, using the design guidelines 
available in EN 1993-1-3:2006 and EN 1993-1-5:2006 
Program 
Local 
buckling 
Distortional buckling  
Step 3 for distortional 
buckling 
Flange 
buckling 
factors 
 
Effective 
compression 
lip 
 
Compression lip 
for c/b < 0.2 
edge stiffener 
intermediate 
stiffener 
edge 
stiffener 
intermediate 
stiffener 
Kf1 Kf2 
(L-D)7 yes yes yes yes no 4 4 method Leff,1 included 
(L-D)8 yes yes no yes no 4 4 method Leff,1 included 
c/b  
M
A
B
A
QU
S,
m
ax
 
/ M
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Figures 8.21 to 8.26 show the comparison between the FE results and the 
predictions from program (L-D)8, for different positions of the intermediate stiffener. 
It was observed that for the sections failing by distortional buckling or local-
distortional interaction buckling (Figures 8.21 to 8.24), the EC3 approach led to more 
unconservative predictions when the intermediate stiffener shifted towards the edge 
stiffener (lip-to-flange junction). Figures 8.27 to 8.30 show the variations in 
distortional buckling slenderness of the edge stiffener λd,Eurocode for different positions 
of the intermediate stiffener, obtained from program (L-D)8. It was found that 
λd,Eurocode increased for increases in the distance “a”. This indicated that, according to 
EC3, lip/flange distortional buckling was more severe when the intermediate stiffener 
was near the web-to-flange junction. However, it was demonstrated from the results 
of the FE models and CUFSM that lip/flange distortional buckling was more severe 
when the intermediate stiffener was close to the lip-to-flange junction (see 8.2.2). It 
was, therefore, concluded that the design guidelines available in EC3, for lip/flange 
distortional buckling, needed to be modified when an intermediate stiffener was 
included in the compression flange of the section.  
It was noted from the EC3 calculations that both parts of the compression flange 
(flange 1 and flange 2 shown in Figure 8.1) were fully effective for all considered 
cross-sections. However, the FE models revealed that the sections with high lip size-
to-flange width ratios failed by local buckling of the compression flange (flange 1 or 
flange 2). For the sections failing by local buckling, the most unconservative 
predictions were observed when intermediate stiffeners were near the lip-to-flange 
junction (Figures 8.25 and 8.26).  
Table 8.2 compares the accuracy of the Eurocode predictions obtained from 
programs (L-D)7 and (L-D)8. It was found that there was no significant difference in 
the Eurocode predictions when distortional buckling of the intermediate stiffener was 
ignored in the calculations. Furthermore, it was observed in the FE models that there 
was no distortional buckling at the intermediate stiffeners. It was concluded that in the 
case of both edge and intermediate stiffeners, only the design guidelines for 
distortional buckling of the edge stiffener (lip/flange distortional buckling) need to be 
included in the Eurocode procedure.   
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Figure 8.21 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)8, for c/b = 0.17 (b = 90 mm, c = 15 mm) 
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Figure 8.22 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)8, for c/b = 0.19 (b = 80 mm, c = 15 mm) 
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Figure 8.23 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)8, for c/b = 0.28 (b = 90 mm, c = 25 mm) 
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Figure 8.24 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)8, for c/b = 0.31 (b = 80 mm, c = 25 mm) 
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Figure 8.25 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)8, for c/b = 0.39 (b = 90 mm, c = 35 mm) 
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Figure 8.26 Comparison between FE results and Eurocode predictions obtained from 
program (L-D)8, for c/b = 0.44 (b = 80 mm, c = 35 mm) 
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Figure 8.27 Variations in distortional buckling slenderness for different positions of 
intermediate stiffener, obtain from Eurocode, for c/b = 0.17 (b = 90 mm, c = 15 mm) 
 
0.5
0.6
0.7
0.8
0.9
1.0
1.1
1.2
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70
 d/b=0.075
 d/b=0.125
 d/b=0.175
 
 
Figure 8.28 Variations in distortional buckling slenderness for different positions of 
intermediate stiffener, obtain from Eurocode, for c/b = 0.19 (b = 80 mm, c = 15 mm) 
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Figure 8.29 Variations in distortional buckling slenderness for different positions of 
intermediate stiffener, obtain from Eurocode, for c/b = 0.28 (b = 90 mm, c = 25 mm) 
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Figure 8.30 Variations in distortional buckling slenderness for different positions of 
intermediate stiffener, obtain from Eurocode, for c/b = 0.31 (b = 80 mm, c = 25 mm) 
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Table 8.2 Comparison between the accuracy of programs (L-D)7 and (L-D)8 
a/b MABAQUS/MEurocode,(L-D)7 MABAQUS/MEurocode,(L-D)8 
0.1 to 0.2 0.868 0.868 
0.2 to 0.3 0.888 0.886 
0.3 to 0.4 0.904 0.899 
0.4 to 0.5 0.911 0.909 
0.5 to 0.6 0.912 0.912 
Average 0.897 0.895 
 
8.4 Conclusions 
A series of finite element analyses, using the general purpose FE package 
ABAQUS (2007),  was carried out to investigate the effect of intermediate stiffeners, 
located in compression flanges, on the flexural behaviour of cold-formed lipped Z 
sections under local and distortional buckling. The accuracy of Eurocode 3 (EC3) 
(2006a,b) in predicting the bending resistances for these sections was checked against 
the FE results. 
The extent of benefit obtained by including an intermediate stiffener in the 
compression flange of an edge-stiffened section was found to be contingent upon the 
lip size-to-flange width ratio and not the flange width itself. The higher the lip size-to-
flange width ratio the greater the tendency for behaviour to be governed by the local 
buckling of the compression flange. For the same flange width, the section with the 
larger lip size attained more benefit from an intermediate stiffener in its compression 
flange.  
The moment capacity of the section was altered by changing the position of the 
intermediate stiffener in the compression flange; the position resulting in the 
maximum cross-sectional bending resistance was found to be dependent on the lip 
size-to-flange width ratio. The smaller this ratio the closer the optimum position of the 
intermediate stiffener was to the web-to-flange junction. This indicates that the 
existence of an intermediate stiffener near the edge stiffener (lip-to-flange junction) 
intensifies the effect of lip/flange distortional buckling. However, Eurocode 3 (EC3) 
was found to predict greater loss of cross-sectional effectiveness due to lip/flange 
distortional buckling when the intermediate stiffener was near the web-to-flange 
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junction. This resulted in highly unconservative predictions for moment capacities 
when the intermediate stiffener shifted towards the lip-to-flange junction. Therefore, a 
modification in the design guidelines for distortional buckling of the edge stiffener is 
needed in the case of cross-sections with both edge and intermediate stiffeners.  
It was demonstrated that ignoring the design guidelines for distortional buckling of 
the intermediate stiffener affects the EC3 predictions by less than 1% on average. The 
FE models revealed that distortional buckling only occurred at the edge stiffeners. 
Therefore, only the design guidelines for lip/flange distortional buckling need to be 
considered in the Eurocode calculations in the case of both edge and intermediate 
stiffeners. 
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Chapter 9 
 
Buckling behaviour and design of laterally-restrained 
cold-formed Z-section beams under moment gradients 
 
9.1 Introduction 
Cold-formed steel members are most commonly subjected to uniformly distributed 
transverse loading rather than pure bending. The presence of moment gradient 
significantly affects the buckling behaviour of cold-formed steel beams. In this study, 
two different non-pure bending systems for cold-formed Z-section beams have been 
investigated with the aid of the finite element method. A two-span continuous Z-
section beam subject to uniformly distributed loading has been analysed as well as a 
single-span Z-section beam subject to a single concentrated load applied at the middle 
of the span. The ultimate strength and buckling behaviour of non-pure bending 
models were compared with those of pure (four-point) bending models.  
9.2 Numerical investigation 
9.2.1 Basics of FE models 
The buckling behaviour of cold-formed Z-section beams under three different 
loading systems has been studied and compared: 
(і) Four-point bending (pure bending): The finite element model, verified in chapter 3, 
was used for pure bending analyses. The Z-section beams have a constant span of 
4.88 m with concentrated loads applied at 1/3rd points i.e. four-point bending. Figure 
9.1 shows the typical setup and elastic bending moment diagram (BMD) for the pure 
bending models (FEMPB). 
(іі) Linear moment gradient: The validated four-point bending FE model was 
modified for linear moment gradient analyses in the same way as Wang and Zhang 
(2008) did in their research (see Figure 2.3). The Z-section beams have a constant 
span of 3.25 m with a concentrated load applied at the mid-span. Figure 9.2 shows the 
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typical setup and elastic bending moment diagram (BMD) for the linear moment 
gradient models (FEMLB). 
(ііі) Sharply varying bending moment: Two-span continuous Z-section beams with a 
constant length of 6.1 m for each span were subjected to uniformly distributed load 
(UDL) applied on their top flange. Figure 9.3 shows the typical setup and elastic 
bending moment diagram (BMD) for the two-span continuous beam models (FEMSB). 
The sharply varying bending moment occurs at the central support region.  
Table 9.1 shows the geometric and material properties for the cross-sections for 
which the FE models have been set up. The definitions for cross-sectional dimensions 
are shown in Figure 9.4. Small lip size-to-flange width ratios have been taken for the 
FE models in this study. The FE analyses allowed for local and distortional buckling 
of compressed components as well as for geometrical and material nonlinearities. The 
FE models did not allow for overall lateral-torsional buckling, nor, did they include 
the inhibiting effect of the sheeting on distortional buckling of the top flange. The 
compound Ramberg-Osgood stress-strain relationship as given by Equations (3.3) and 
(3.4) (Gardner and Ashraf 2006) was used for the material modelling. The finite strip 
software CUFSM (Schafer 2006) was used to generate the shape of the initial 
geometric imperfections and the 50% CDF magnitude (0.34t for local buckling and 
0.94t for distortional buckling) (Schafer and Pekoz 1998b) was taken for the 
imperfection amplitude. The entire beam was modelled for the FEPB and FELB 
analyses while half of the beam was simulated for the FESB analyses considering the 
conditions of symmetry at the central support.   
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Figure 9.1 Typical setup and elastic bending moment diagram (BMD) for pure 
bending models (FEMPB) 
 
 
 
 
 
 
 
 
 
 
 
Figure 9.2 Typical setup and elastic bending moment diagram (BMD) for linear 
moment gradient models (FEMLB) 
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Figure 9.3 Typical setup and elastic bending moment diagram (BMD) for two-span 
continuous beam models (FEMSB) 
 
 
Table 9.1 Geometry for cross-sections for which FE models have been set up 
Section b (mm) c (mm) h (mm) θ (degree) t (mm) ri (mm) fy (MPa) E (GPa) 
b70c15 70 15 200 90 2 2 300 210 
b80c15 80 15 200 90 2 2 300 210 
 
 
 
Figure 9.4 Definitions for cross-sectional dimensions 
6100 mm 6100 mm 
Mmax (N.mm) = Q×(6100)2/8 
BMD 
Q (N/mm) 
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9.2.2 Results of FE models 
Figure 9.5 shows the stress profiles at failure (maximum load) for the FEPB and 
FELB models. It was observed that the failure was triggered by distortional buckling 
for the section under pure bending while the failure mode was local-distortional 
interaction buckling for the linear moment gradient case. For the FELB models, the 
failure was triggered near the mid-span where the maximum elastic bending moment 
occurred (see Figure 9.2). The ultimate strength of the section was increased by 10% 
on average due to the presence of the linear moment gradient (Table 9.2, where QPB 
and
 
QLB are the equivalent ultimate loads for the FEPB and FELB models respectively). 
Figure 9.6 present the plots for load versus mid-span deflection for the FELB models, 
where QPB and QPB(L) correspond to the loads when the bending moment at mid-span 
equals the basic cross-sectional moment capacity for distortional buckling and local 
buckling respectively. The four-point bending models verified in chapters 3 and 4 
were used to obtain the basic distortional and local buckling strengths respectively. 
The ultimate strength of the member under linear moment gradient was close to the 
basic cross-sectional local buckling capacity i.e. (QPB(L)/QLB)average = 1.03.  
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(a) 
 
 (b) 
Figure 9.5 Typical failure modes for FE models (a) pure bending (FEMPB); (b) linear 
moment gradient (FEMLB) 
 
 
Table 9.2 Comparison between ultimate strengths for different loading systems 
Section 
QPB 
(kN/m) 
QLB 
(kN/m) 
QSB(i) 
(kN/m) 
QSB 
(kN/m) 
QLB / QPB QSB(i) / QPB QSB / QPB 
b70c15 2.42 2.64 3.30 3.56 1.09 1.37 1.43 
b80c15 2.43 2.71 3.43 3.61 1.12 1.42 1.45 
Average     1.10 1.39 1.44 
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Figure 9.6 Load-displacement responses for FELB models (a) b70c15; (b) b80c15 
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Figure 9.8 present load versus deflection plots for the FESB models. There are four 
key points for each load-deflection plot. At the first and second key points, the 
bending moment at central support was equal to the basic cross-sectional moment 
capacity for distortional buckling QPB and local buckling QPB(L) respectively. At the 
third key point, presented by the load QSB(i), a significant loss in the stiffness of the 
member occurred. This point indicated the buckling of the member prior to the final 
failure presented by the load QSB. Figure 9.7 shows the typical stress profiles for the 
FESB models at the load QSB(i). In four-point bending arrangement, a substantial length 
of the member is subject to uniform moment so as to permit the ready development of 
long wavelength distortional buckling. When the inhibiting effect of sheeting on 
distortional buckling of the top flange was absent the failure was triggered by 
distortional buckling for the pure bending FE models (FEMPB) as shown in Figure 
9.5(a). However, the initial failure for the two-span continuous beams occurred by 
short wavelength local buckling in the central support region (at the bottom 
compressed flange) as illustrated in Figure 9.7. This means that the form of failure 
used to define the basic cross-sectional moment capacity (in the absence of sheeting) 
did not occur due to the sharply varying nature of the bending moment diagram 
(BMD) of Figure 9.3 as compared with the long length of constant moment present in 
Figure 9.1. Put simply, cross-sectional moment capacity of the key support region in 
the two-span case was controlled by a different physical form of behaviour to that 
used to calculate the basic moment capacity. This local buckling controlled behaviour 
within the sharply varying moment region resulted in significantly higher cross-
sectional capacities for the two-span beams than the cross-sectional capacities 
obtained from the pure bending cases: overall, about 40% higher than basic 
distortional buckling capacities (Table 9.2) and about 25% higher than basic local 
buckling capacities i.e. (QSB(i)/QPB)average = 1.39 and (QSB(i)/QPB(L))average = 1.23. It was 
found that the member carried slightly more load after the initial failure up to the 
fourth key point, presented by the load QSB, at which the final failure occurred; this 
was due to the redistribution of moment in the member. Figures 9.9(a) and 9.9(b) 
show the typical stress profiles at the ultimate load QSB in the central support region 
and within the span region respectively. Overall, the ultimate strength of the member 
was about 45% higher than the basic distortional buckling strength (Table 9.2) i.e. 
(QSB/QPB)average = 1.44. This indicated that only a small fraction of the observed 
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worthwhile gain in load carrying capacity of two-span continuous beams (10% on 
average) was due to the redistribution of moment in the member. A considerable 
fraction of this improvement (90% on average) occurred prior to the redistribution of 
moment and was due to the sharply varying nature of the bending moment in the 
central support region.  
 
 
 
(a) 
 
 
(b) 
Figure 9.7 Stress profiles for two-span continuous beams (FEMSB) at the load QSB(i) 
(a) central support region; (b) within span region 
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(b) 
Figure 9.8 Load-displacement responses for FESB models (a) b70c15; (b) b80c15 
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 (b) 
Figure 9.9 Stress profiles for two-span continuous beams (FEMSB) at the load QSB 
 (a) central support region; (b) within span region 
 
 
9.3 Conclusions 
The buckling behaviour of laterally-restrained cold-formed steel Z-section beams, 
with small lip size-to-flange width ratios, subject to moment gradients has been 
investigated with the aid of the finite element method (FEM). Practical differences 
were observed in both the buckling and the ultimate strength of cold-formed sections 
between two loading systems: pure bending and moment gradient.  
bottom flange 
top flange 
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The cross-sectional moment capacity of a cold-formed steel beam failing by 
distortional buckling under pure bending was increased by 10% on average when the 
four-point bending arrangement was replaced by a single concentrated load applied at 
mid-span i.e. linear moment gradient. The resulting failure mode was an interaction 
between local and distortional buckling near the mid-span region.  
Two-span continuous beams under uniformly distributed load (UDL) exhibited 
remarkably different physical behaviour and load carrying capacities than those for 
single-span beams under pure bending (four-point bending). A substantial length 
subject to uniform moment allows the ready development of long wavelength 
distortional buckling if the inhibiting effect of sheeting on distortional buckling of the 
top flange is absent. Thus the single-span beams with four-point bending arrangement 
failed by distortional buckling. This form of failure, which was used to define the 
basic cross-sectional moment capacity, did not occur in two-span continuous beams 
due to the sharply varying nature of the bending moment in the central support region. 
The initial failure for two-span beams occurred by short wavelength local buckling in 
the central support region and hence a considerable improvement in load carrying 
capacity of the beam was observed. Overall, the local buckling controlled moment 
capacity of a two-span beam at initial failure was about 40% and 25% higher than the 
basic distortional buckling moment capacity (cross-sectional moment capacity under 
pure bending in the absent of sheeting) and basic local buckling moment capacity 
(cross-sectional moment capacity under pure bending in the presence of sheeting) 
respectively. Moment redistribution occurred after the initial failure resulting in 
slightly more improvement in load carrying capacity of the beam i.e. 5% on average.  
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Chapter 10 
 
Conclusions and suggestions for future work 
 
10.1 Conclusions 
The finite element method (FEM) has been shown to be able to model sufficiently 
realistically the buckling behaviour of cold-formed steel beams accounting for all 
governing facets such as geometrical imperfections, residual stresses, spread of 
yielding, postbuckling etc. The commercial displacement-based FE software package 
ABAQUS (2007) has been used for this purpose in the present study. Cross-sectional 
instabilities in laterally-restrained cold-formed steel beams include local buckling and 
distortional buckling. Depending on the material and geometric properties of the 
cross-section, transitions between local, combined local/distortional and distortional 
buckling have been observed. ABAQUS permits the generation of the deformed 
shapes as well as the stress and stain distribution profiles up to, at and beyond 
maximum load. This simple but worthwhile feature of the finite element method 
revealed the controlling buckling mode (local, distortional or combined) for the 
member at different stages of loading i.e. up to, at and beyond maximum load. 
Important differences were observed between the controlling influence at maximum 
load (failure) and that as deformations increase and load gradually falls (postfailure), 
for most of the members. 
The cross-sectional effectiveness of a cold-formed edge-stiffened section under 
bending is generally reduced due to the plate local buckling i.e. deformations of some 
of the individual plate elements of the cross-section but with their junctions remaining 
straight. Insufficient stiffness of the compression lip to hold the lip/flange junction 
leads to another form of buckling which involves the deformation of the lip/flange 
corner. This form of behaviour, which is termed distortional buckling, results in 
further reduction in the cross-sectional effectiveness. It is not possible to fully 
understand how and to what extent distortional buckling mode affects the flexural 
behaviour, nor, possible to assess the suitability of the design treatments for local and 
distortional buckling separately, unless two separate FE analyses are performed: one 
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allowing for both local and distortional buckling and one allowing for local buckling 
while effectively restraining distortional buckling. The four-point bending tests 
carried out by Yu and Schafer (2003,2006) on cold-formed lipped Z sections have 
been used to verify the FE models developed in this study. In their local buckling 
tests, distortional buckling was restrained by a trough-fastened panel attached to the 
compression flange of the Z specimens. In this study, the inhibiting effect of sheeting 
on distortional buckling of top flange has been achieved by applying translational 
springs with appropriate stiffness to the compression flange of the Z-section beams. 
The elastic buckling analysis, performed in ABAQUS, was used to obtain a certain 
limit for the spring stiffness beyond which local buckling was forced to be the lowest 
buckling mode. Any further increase in the spring stiffness did not change the elastic 
critical local buckling moment and hence any value for the spring stiffness beyond 
this limit would effectively restrict distortional buckling without artificially increasing 
the local buckling strength.  
A superposition of the local and distortional buckling modes scaled to appropriate 
amplitudes was taken as the geometric imperfections for the FE models. Elastic 
buckling analysis in the finite strip software CUFSM (Schafer 2006) was conducted to 
establish the most critical shapes for local and distortional buckling modes. These 
shapes were developed along the beam using sinusoidal functions and the resulting 
geometric imperfection was then fed into the ABAQUS nonlinear model with the 
recommendations of Schafer and Pekoz (1998b) on magnitude i.e. 25% and 75% 
cumulative distribution function (CDF). From the findings of the validation study it 
was ascertained that a single analysis using 50% CDF (corresponding to 0.34t for the 
local mode and 0.94t for the distortional mode) agreed very well with the mean of the 
25% and 75% CDF analyses. 50% CDF values were, therefore, adopted in all the 
production runs. Material behaviour was modelled using a compound Ramberg-
Osgood curve (Gardner and Ashraf 2006). The strain hardening had no significant 
effect on cross-sectional bending resistances i.e. the observed strains at maximum 
load (failure load) were very low. The 1% proof stress σ1.0 in the compound Ramberg-
Osgood expression was determined using a relationship between σ1.0 and σ0.2 (0.2% 
proof stress) proposed in chapter 3 of this study. The materials with higher σ0.2 
exhibited smaller σ1.0. The FE models taking into account the considerations above 
were in excellent agreement with the tests i.e. the mean ratio of prediction to test was 
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1.02 for analyses allowing for both local and distortional buckling and 1.01 for local 
buckling analyses. The validated FE models were then used to carry out 
comprehensive parametric studies to examine the effect of the lip size, flange width, 
angle of inclination of the edge stiffener (lip), size and position of the intermediate 
stiffener and material strength as well as the interaction between them on the buckling 
behaviour of cold-formed steel Z-section beams.  
The lip/flange interaction was found to have a pronounced effect on both the cross-
sectional bending resistance and the buckling of cold-formed Z-section beams. 
Depending on the lip size-to-flange width ratio and the angle of inclination of the 
edge stiffener (lip), the behaviour of the member was controlled by local, combined 
local/distortional or distortional buckling mode. The bending resistance of the section 
increased for increases in the lip size-to-flange width ratio. This was because the 
tendency for behaviour to be governed by distortional buckling was reduced for 
higher lip size-to-flange width ratios due to the increase in the flexural rigidity of the 
lip/flange corner. The maximum cross-sectional moment capacity occurred for a 
certain lip size-to-flange width ratio for which the effect of distortional buckling was 
minimal i.e. the beneficial effect of the increased lip size on cross-sectional bending 
resistance vanished when the failure mode changed from distortional or combined 
local/distortional buckling to local buckling. Beyond this limit, the moment capacity 
was reduced due to local buckling of the edge stiffener itself.  
The inhibiting effect of sheeting on distortional buckling of the compression flange 
led to 10% improvement, on average, in the ultimate moment capacity of cold-formed 
steel Z sections. This improvement became 15%, on average, for the sections with 
small lip size-to-flange width ratios. Overall, the cross-sectional bending resistance 
was improved by 10% due to the presence of sheeting on the top flange. The local 
buckling moment capacity of the section increased for increases in the lip size-to-
flange width ratio up to a certain limit. This indicated that the plate buckling factor of 
4 cannot be applied to the compression flange of the sections for which the lip size-to-
flange width ratio is smaller than this limit.   
The inclination of the edge stiffener assists easy nesting and simpler erection but 
changes the restraint effect of the edge stiffener (compression lip) on the compression 
flange. The deviation of edge stiffeners up to 20º from the right angle was found to 
have little influence on bending resistances for cold-formed Z sections. However, 
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manufacturers should avoid further deviation of the edge stiffener since it led to 
significant reductions in moment capacities; the bending resistance was reduced by 
about 10% on average for a deviation of 50º from the right angle.  Inclination of the 
edge stiffener was also found to affect the lip size-to-flange width ratio for which the 
section reaches its maximum moment capacity i.e. the larger the deviation of the 
compression lip from the right angle the less the beneficial effect of the increased lip 
size on cross-sectional bending resistance.  
The increase in the moment capacity of cold-formed Z sections for increases in the 
material strength was found to be approximately linear up to a material yield strength 
of about 350 MPa. Beyond this limit, there was a disappointing lack of increased 
bending resistance in line with increased material strength. The extent of this 
disappointment was found to be contingent upon the controlling mode of buckling and 
hence the geometry of the cross-section i.e. the greater the tendency for behaviour to 
be governed by local buckling (sections with higher lip size-to-flange width ratios) the 
greater the beneficial effect of higher material strengths on cross-sectional moment 
capacities. It was demonstrated that the use of high strength steels (material yield 
strengths of about 500 MPa and above) was not an effective approach to improve the 
bending resistance for cold-formed Z sections for which the failure was triggered by 
distortional buckling i.e. sections with small lip size-to-flange width ratios.  
Intermediate stiffeners located in the flanges of cold-formed Z sections improve 
the local buckling strength of the compression flange and hence the cross-sectional 
bending resistance. The extent of this benefit obtained by including an intermediate 
stiffener in the edge-stiffened compression flange of a cold-formed Z section was 
found to be dependent on the lip/flange interaction (lip size-to-flange width ratio) and 
not the compression flange (flange width) itself. For the same flange width, the 
section with a larger lip size achieved more benefit from an intermediate stiffener in 
its compression flange as the tendency for behaviour to be governed by local buckling 
was greater for the section with the higher lip size-to-flange width ratio. The position 
of the intermediate stiffener in the compression flange affected the cross-sectional 
moment capacity. The position resulting in the maximum bending resistance for the 
cross-section was found to be contingent upon the lip size-to-flange width ratio. The 
smaller this ratio i.e. the greater the tendency for behaviour to be controlled by 
distortional buckling, the closer this position was to the web-to-flange junction. This 
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indicated that the existence of an intermediate stiffener near the edge stiffener (lip-to-
flange junction) intensified the effect of lip/flange distortional buckling.  
Practical differences were observed in both the ultimate strength and the buckling 
of cold-formed Z sections between two different loading cases: pure bending and 
moment gradient. 10% increase on average in the bending resistance of a section 
failing by distortional buckling under pure bending was observed when the beam was 
subject to a linear moment gradient; the failure mode was changed to an interaction 
buckling between local and distortional modes. The extent of improvement in the 
ultimate strength of cold-formed steel beams due to the presence of moment gradients 
was found to be significantly influenced by the shape of the moment gradient i.e. 
elastic bending moment diagram. Uniformly distributed loading on a two-span 
continuous beam produces a sharply varying bending moment diagram in the central 
support region. This resulted in remarkably different physical behaviour and load 
carrying capacity than the pure bending case. Long wavelength distortional buckling 
occurred in the pure bending case due to the substantial length subject to uniform 
moment. This form of failure, which is used to define the basic cross-sectional 
moment capacity (in the absence of inhibiting effect of sheeting on distortional 
buckling of top flange), did not occur in two-span continuous beams due to the 
sharply varying nature of the bending moment in the central support region. The 
failure was initiated by short wavelength local buckling (at the bottom compressed 
flange) in this region and a considerable increase in the cross-sectional moment 
capacity (about 40% on average) was observed. This local buckling controlled 
moment capacity was even higher (about 25% on average) than the basic local 
buckling moment capacity (cross-sectional moment capacity under pure bending in 
the presence of inhibiting effect of sheeting on distortional buckling). An 
improvement (5% on average) in the ultimate strength of the member was observed 
after the initial failure, due to the moment redistribution in the member. Some 
deformations of the lip/flange junction within the span were observed at the final 
failure.  
The suitability of the Eurocode 3 (EC3) design rules in predicting the cross-
sectional moment capacities for cold-formed steel beams, EN 1993-1-3:2006 and EN 
1993-1-5:2006, has been assessed using the results of the FE analyses. Apart from the 
sections with lip size-to-flange width ratios less than 0.2 and the sections with high 
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strength steels, the EC3 procedure taking into account the effect of both local and 
distortional buckling was found to be unconservative; the error was about 10% on 
average. According to clause 5.2(2) of EN 1993-1-3:2006, the compression lip of 
sections with lip size-to-flange width ratios less than 0.2 should be ignored. This 
resulted in highly conservative predictions for these sections (about 30% on average). 
For the sections with high strength steels (material yield strengths of 500 MPa and 
above), the EC3 procedure produced reliable predictions for moment capacities. The 
EC3 local buckling procedure was itself unconservative in predicting the local 
buckling moments; the error was about 5% on average.  
Using a buckling factor of 4 resulted in unconservative effective widths for the 
edge-stiffened flange of the sections with lip size-to-flange width ratios less than the 
optimum ratio for local buckling moment. A relationship between the flange buckling 
factor and the lip size-to-flange width ratio was proposed in chapter 5 of this study 
based on the FE results; this expression was modified for inclined edge stiffeners in 
chapter 6. The unconservatism of the EC3 local buckling procedure for these sections 
was reduced by about 5% on average using the proposed buckling factors for the 
compression flanges. For the sections with lip size-to-flange width ratios less than 0.2, 
the EC3 procedure was found to be only 1% conservative on average when the 
compression lips were included and the proposed buckling factors were used for the 
edge-stiffened compression flanges.  
The “mixed effective width/effective thickness” method (Annex D of EN 1993-1-
3:2006) was favoured over the effective width method (clause 4.4 of EN 1993-1-
5:2006) for outstand compression lips as the former produced less unconservative 
predictions for the sections with high lip size-to-flange width ratios.  
The EC3 procedure was found to predict more loss of cross-sectional effectiveness 
due to lip/flange distortional buckling when an intermediate stiffener shifted towards 
the web-to-flange junction; this was quite the reverse of the findings of the FE 
analyses. The EC3 predictions were, therefore, more unconservative when 
intermediate stiffeners shifted towards edge stiffeners, indicating the need for some 
modification in the design rules for distortional buckling of the edge stiffener in the 
case of cross-sections with both edge and intermediate stiffeners. Furthermore, it was 
suggested that only the design guidelines for lip/flange distortional buckling needed to 
be considered in the EC3 calculations since there was no significant change in the 
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EC3 predictions when the design rules for distortional buckling of the intermediate 
stiffener were ignored. This was verified from the findings of the FE analyses 
revealing that distortional buckling only occurred at edge stiffeners.    
10.2 Suggestions for future work 
The effect of different geometrical parameters i.e. lip size-to-thickness ratio, flange 
width-to-thickness ratio, size and position of the intermediate stiffener (located in 
compression flanges) and lip angle, on the buckling behaviour of laterally-restrained 
cold-formed Z-section beams has been studied in this thesis. From the shape of the 
existing industry profiles, a need to study the effect of the following parameters is 
also suggested: 
• Web slenderness as well as web inclination angle, with special respect to 
web/flange interaction.  
• Shape of intermediate stiffeners in compression flanges. Only the curved 
groove was studied in this thesis.  
• Shape, size and position of intermediate stiffeners in webs, with special 
respect to web/flange interaction.  
• Edge stiffeners with multiple folds, with special respect to their interaction 
with compression flanges.  
A genetic algorithm could be generated to optimise the cross-section based on the 
results of the parametric studies conducted in this thesis supplemented by further 
parametric studies for aforementioned parameters. Implementation of the algorithm is 
possible in several software packages e.g. MATLAB. Based on the results of the 
optimisation algorithm, standard provisions could be suggested to help manufacturers 
to improve their products.  
Interesting results have been obtained for two-span continuous beams in chapter 9 
of this thesis, however; only a few analyses covering a very limited range for the 
geometric and material properties of the cross-section have been conducted. 
Therefore, a comprehensive parametric study is needed to fully understand the 
buckling behaviour of the member in the sharply varying bending moment region and 
the redistribution of moment after initial failure. The effect of the length of the span 
should also be considered as it may affect the behaviour and ultimate strength of the 
member.  
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Appendix A 
 
Design programs using Eurocode 3 guidelines 
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A1 Program (L-D)1 
Program (L-D)1 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for both local and distortional buckling 
• Ignoring the compression lip for the sections with c/b < 0.2 (clause 5.2(2) 
of EN 1993-1-3:2006) 
• Including step 3 in the distortional buckling procedure (Figure 5.8(e) of 
EN 1993-1-3:2006) 
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the buckling factor of 4 for the compression flange (Table 4.1 of 
EN 1993-1-5:2006) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1 Definitions for cross-sectional dimensions for considered cold-formed 
steel lipped Z sections 
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This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
Dim xd(0 To 1000) As Double 
‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
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bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Clause 5.2(2) of EN 1993-1-3:2006 for the compression lip 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
bpc0 = (c1) * Angle11 
If bpc0 / b1 < 0.2 Then bpc1 = 0 
If bpc0 / b1 < 0.2 Then Lip = 0 Else Lip = 1 
‘Iterative process for the reduction factor for distortional buckling (Figure 5.8(e) of 
EN 1993-1-3:2006) 
ScomEd = fyb 
xd(0) = 2 
xd(1) = 1 
jj = 1 
Do While Abs((xd(jj - 1) - xd(jj)) / xd(jj - 1)) > 0.001 
‘Calculating the effective widths for the compression flange (clause 4.4 and Table 4.1 
of EN 1993-1-5:2006) 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If Lip = 1 Then 
Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
Lpfred = Lpf * (ScomEd / fyb) ^ (1 / 2) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpfred) / Lpfred + 0.18 * (Lpf - Lpfred) / (Lpf - 0.6) Else 
rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be2 = 0.5 * beff 
If Lpf > 0.673 Then rf1 = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf1 = 1 
If rf1 > 1 Then rf1 = 1 
beff1 = rf1 * bp1 
be1 = 0.5 * beff1 
End If 
If Lip = 0 Then 
Kf = 0.43 
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Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.748 Then rf = (Lpf - 0.188) / (Lpf ^ 2) Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
End If 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If Lip = 1 Then 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
Lplred = Lpl * (ScomEd / fyb) ^ (1 / 2) 
If Lpl > 0.748 Then rl = (1 - 0.188 / Lplred) / Lplred + 0.18 * (Lpl - Lplred) / (Lpl - 0.6) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
End If 
‘Calculating the position of the neutral axis of the cross-section 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
If Lip = 1 Then 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + ceff * t + hp * t + bp2 * t + bpc2 * t) 
End If 
If Lip = 0 Then 
Y = (hp * t * hp / 2 + beff * t * hp + bpc2 * t * (bpc2 * Angle22) / 2) / (beff * t + hp * t + bp2 * t + 
bpc2 * t) 
End If 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
jj = jj + 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
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hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the reduced thickness of the effective edge stiffener due to distortional 
buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 1993-1-
3:2006; clause 5.5.3.2 and Figure 5.8 of EN 1993-1-3:2006) 
If Lip = 1 Then 
Aessh = t * (be2 + ceff) 
Ys = (ceff * t * (ceff * Angle11) / 2) / Aessh 
Iessh = 1 / 12 * be2 * t ^ 3 + be2 * t * Ys ^ 2 + 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + ceff * t * ((ceff 
* Angle11) / 2 - Ys) ^ 2 
b11 = (be2 * t * (bp1 - be2 / 2) + ceff * t * (bp1 + (ceff * Cos(Angle1 * 3.141592654 / 180)) / 2)) / 
Aessh 
K1 = (E * t ^ 3) / (4 * (1 - v ^ 2) * (b11 ^ 2 * hp + b11 ^ 3)) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90) / (be2 + ceff) 
Aes = Aessh * (1 - delta1) 
Ies = Iessh * (1 - 2 * delta1) 
Scrs = 2 * (K1 * E * Ies) ^ (1 / 2) / Aes 
Ld = (fyb / Scrs) ^ (1 / 2) 
If Ld <= 0.65 Then xd(jj) = 1 
If 0.65 < Ld And Ld < 1.38 Then xd(jj) = 1.47 - 0.723 * Ld 
If Ld >= 1.38 Then xd(jj) = 0.66 / Ld 
If xd(jj) > xd(jj - 1) Then xd(jj) = xd(jj - 1) 
Aesred = xd(jj) * Aes 
If Aesred > Aes Then Aesred = Aes 
tred = t * xd(jj) 
End If 
If Lip = 0 Then xd(jj) = xd(jj - 1) 
‘Calculating the position of the neutral axis of the cross-section 
If Lip = 1 Then 
a = t / 2 
b = he1 * t + be1 * t + be2 * tred + bpc2 * t + ceff * tred + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * tred * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * 
tred * (hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
End If 
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If Lip = 0 Then 
a = t / 2 
b = he1 * t + beff * t + bpc2 * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + beff * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
End If 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
ScomEd = xd(jj) * fyb 
Loop 
‘Calculating the effective second moment of area of the cross-section 
If Lip = 1 Then 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * tred ^ 3 + be2 * tred * (hp - Y) ^ 2 
I4 = 1 / 12 * tred * (ceff * Angle11) ^ 2 * ceff + tred * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 
* t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * tred + ceff * tred + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
End If 
If Lip = 0 Then 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * beff * t ^ 3 + beff * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = beff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
End If 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
If Lip = 1 Then 
delta2 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
End If 
If Lip = 0 Then 
delta3 = 0.43 * ((r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 + bpc2) 
234 
 
Ieff = Ieffsh * (1 - 2 * delta3) 
Aeff = Aeffsh * (1 - delta3) 
End If 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The symbols used in program (L-D)1 are defined as follows: 
 
fyb                  basic yield strength fyb 
b1                   out-to-out compression flange width b1 (Figure A.1)  
b2                   out-to-out tension flange width b2 (Figure A.1)     
c1                   out-to-out compression lip width c1 (Figure A.1)     
c2                   out-to-out tension flange width c2 (Figure A.1)     
h                     out-to-out web height (Figure A.1)     
r                      external corner radius (Figure A.1)  
t1                    thickness inclusive of zinc coating, t1 (Figure A.1) 
t   thickness minus zinc coating
 
Angle1        angle of inclination of the compression lip θ1 (Figure A.1) 
Angle2        angle of inclination of the tension lip θ2 (Figure A.1) 
bp1         notional flat width for the compression flange bp1  
bp2         notional flat width for the tension flange bp2  
hp         notional flat width for the web hp  
bpc1         notional flat width for the compression lip bpc1  
bpc2 notional flat width for the tension lip bpc2  
E                     modulus of elasticity  
v                      Poisson’s ratio in elastic range ν 
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ee                    )(N/mm235/fε 2yb=  
ScomEd          compressive stress for the edge stiffener σcom,Ed 
xd                    reduction factor for distortional bucking dχ  
Kf                    flange buckling factor kσ,f 
Kl lip buckling factor kσ,l 
Kw web buckling factor kσ,w 
Lpf local buckling slenderness of the flange fp,λ  
Lpfred reduced local buckling slenderness of the flange fred,p,λ  
Lpl local buckling slenderness of the lip lp,λ  
Lplred reduced local buckling slenderness of the lip lred,p,λ  
Lpw local buckling slenderness of the web lp,λ  
rf, rf1 reduction factor for the flange local buckling  
rl reduction factor for the lip local buckling  
rw reduction factor for the web local buckling  
beff, beff1 flange effective width beff 
be1, be2 flange effective widths, be1 and be2 
ceff lip effective width  
hc compression web height hc 
hceff compression web effective width hc,eff 
he1, he2 compression web effective widths, he1 and he2 
n(j) web stress ratio ψw 
Aessh effective cross-sectional area of the edge stiffener with sharp corner, 
As,sh  
Aes effective cross-sectional area of the edge stiffener taking into account 
the influence of rounded corner, As  
Iessh effective second moment of area of the edge stiffener with sharp 
corner, Is,sh 
Ies effective second moment of area of the edge stiffener taking into 
account the influence of rounded corner, Is  
b11 distance from web-to-flange junction to gravity centre of the effective 
edge stiffener, b1  
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K1 spring stiffness per unit length for the edge stiffener K1 
Ld distortional buckling slenderness of the edge stiffener dλ  
Scrs elastic critical buckling stress for the edge stiffener σcr,s 
tred reduced thickness of the edge stiffener tred 
Y distance from the neutral axis of the effective cross-section to the 
tension flange  
Aeffsh effective area of the cross-section with sharp corners, Aeff,sh 
Ieffsh effective second moment of area of the cross-section with sharp 
corners, Ieff,sh 
Aeff effective cross-sectional area taking into account the influence of 
rounded corners, Aeff 
Ieff effective second moment of area of the cross-section taking into 
account the influence of rounded corners, Ieff 
Weffcom compressive effective section modulus Weff,com 
Wefften tensile effective section modulus Weff,ten 
Mcrdcom compressive design moment resistance of the cross-section Mc,Rd,com 
Mcrdten tensile design moment resistance of the cross-section Mc,Rd,ten 
Mcrd design moment resistance of the cross-section Mc,Rd 
 
* Notional flat widths of the plane elements i.e. bp1, bp2, bpc1, bpc2, hp, were measured 
to the points of intersection of their midlines.  
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A2 Program (L-D)2 
Program (L-D)2 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for both local and distortional buckling 
• Ignoring the compression lip for the sections with c/b < 0.2 (clause 5.2(2) 
of EN 1993-1-3:2006) 
• Ignoring step 3 in the distortional buckling procedure  
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the buckling factor of 4 for the compression flange (Table 4.1 of 
EN 1993-1-5:2006) 
This program was written in Microsoft Visual Basic as follows: 
   
Private Sub CommandButton1_Click() 
Dim n(0 To 1000) As Double 
‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
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bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Clause 5.2(2) of EN 1993-1-3:2006 for the compression lip 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
bpc0 = (c1) * Angle11 
If bpc0 / b1 < 0.2 Then bpc1 = 0 
If bpc0 / b1 < 0.2 Then Lip = 0 Else Lip = 1 
‘Calculating the effective widths for the compression flange (clause 4.4 and Table 4.1 
of EN 1993-1-5:2006) 
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If Lip = 1 Then 
Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
Lpfred = Lpf * (ScomEd / fyb) ^ (1 / 2) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpfred) / Lpfred + 0.18 * (Lpf - Lpfred) / (Lpf - 0.6) Else 
rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be2 = 0.5 * beff 
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be1 = 0.5 * beff 
End If 
If Lip = 0 Then 
Kf = 0.43 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.748 Then rf = (Lpf - 0.188) / (Lpf ^ 2) Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
End If 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If Lip = 1 Then 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
Lplred = Lpl * (ScomEd / fyb) ^ (1 / 2) 
If Lpl > 0.748 Then rl = (1 - 0.188 / Lplred) / Lplred + 0.18 * (Lpl - Lplred) / (Lpl - 0.6) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
End If 
‘Calculating the reduced thickness of the effective edge stiffener due to distortional 
buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 1993-1-
3:2006; clause 5.5.3.2 and Figure 5.8 of EN 1993-1-3:2006) 
If Lip = 1 Then 
Aessh = t * (be2 + ceff) 
Ys = (ceff * t * (ceff * Angle11) / 2) / Aessh 
Iessh = 1 / 12 * be2 * t ^ 3 + be2 * t * Ys ^ 2 + 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + ceff * t * ((ceff 
* Angle11) / 2 - Ys) ^ 2 
b11 = (be2 * t * (bp1 - be2 / 2) + ceff * t * (bp1 + (ceff * Cos(Angle1 * 3.141592654 / 180)) / 2)) / 
Aessh 
K1 = (E * t ^ 3) / (4 * (1 - v ^ 2) * (b11 ^ 2 * hp + b11 ^ 3)) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90) / (be2 + ceff) 
Aes = Aessh * (1 - delta1) 
Ies = Iessh * (1 - 2 * delta1) 
Scrs = 2 * (K1 * E * Ies) ^ (1 / 2) / Aes 
Ld = (fyb / Scrs) ^ (1 / 2) 
If Ld <= 0.65 Then xd = 1 
If 0.65 < Ld And Ld < 1.38 Then xd = 1.47 - 0.723 * Ld 
If Ld >= 1.38 Then xd = 0.66 / Ld 
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Aesred = xd * Aes 
If Aesred > Aes Then Aesred = Aes 
tred = t * xd 
End If 
‘Calculating the position of the neutral axis of the cross-section 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
If Lip = 1 Then 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * tred * hp + ceff * tred * (hp - (ceff * Angle11) / 2) + bpc2 * t 
* (bpc2 * Angle22) / 2) / (be1 * t + be2 * tred + ceff * tred + hp * t + bp2 * t + bpc2 * t) 
End If 
If Lip = 0 Then 
Y = (hp * t * hp / 2 + beff * t * hp + bpc2 * t * (bpc2 * Angle22) / 2) / (beff * t + hp * t + bp2 * t + 
bpc2 * t) 
End If 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
If Lip = 1 Then 
a = t / 2 
b = he1 * t + be1 * t + be2 * tred + bpc2 * t + ceff * tred + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * tred * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * 
tred * (hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
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End If 
If Lip = 0 Then 
a = t / 2 
b = he1 * t + beff * t + bpc2 * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + beff * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
End If 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
‘Calculating the effective second moment of area of the cross-section 
If Lip = 1 Then 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * tred ^ 3 + be2 * tred * (hp - Y) ^ 2 
I4 = 1 / 12 * tred * (ceff * Angle11) ^ 2 * ceff + tred * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 
* t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * tred + ceff * tred + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
End If 
If Lip = 0 Then 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * beff * t ^ 3 + beff * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = beff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
End If 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
If Lip = 1 Then 
delta2 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
End If 
If Lip = 0 Then 
delta3 = 0.43 * ((r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta3) 
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Aeff = Aeffsh * (1 - delta3) 
End If 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program (L-D)2 are present in A1.  
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A3 Program (L-D)3 
Program (L-D)3 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for both local and distortional buckling 
• Including the compression lip for all sections  
• Including step 3 in the distortional buckling procedure (Figure 5.8(e) of 
EN 1993-1-3:2006) 
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the buckling factor of 4 for the compression flange (Table 4.1 of 
EN 1993-1-5:2006) 
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
Dim xd(0 To 1000) As Double 
‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
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bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Iterative process for the reduction factor for distortional buckling (Figure 5.8(e) of 
EN 1993-1-3:2006) 
ScomEd = fyb 
xd(0) = 2 
xd(1) = 1 
jj = 1 
Do While Abs((xd(jj - 1) - xd(jj)) / xd(jj - 1)) > 0.001 
‘Calculating the effective widths for the compression flange (clause 4.4 and Table 4.1 
of EN 1993-1-5:2006) 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
Lpfred = Lpf * (ScomEd / fyb) ^ (1 / 2) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpfred) / Lpfred + 0.18 * (Lpf - Lpfred) / (Lpf - 0.6) Else 
rf = 1 
If rf > 1 Then rf = 1 
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beff = rf * bp1 
be2 = 0.5 * beff 
If Lpf > 0.673 Then rf1 = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf1 = 1 
If rf1 > 1 Then rf1 = 1 
beff1 = rf1 * bp1 
be1 = 0.5 * beff1 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
Lplred = Lpl * (ScomEd / fyb) ^ (1 / 2) 
If Lpl > 0.748 Then rl = (1 - 0.188 / Lplred) / Lplred + 0.18 * (Lpl - Lplred) / (Lpl - 0.6) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Calculating the position of the neutral axis of the cross-section 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + ceff * t + hp * t + bp2 * t + bpc2 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
jj = jj + 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
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‘Calculating the reduced thickness of the effective edge stiffener due to distortional 
buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 1993-1-
3:2006; clause 5.5.3.2 and Figure 5.8 of EN 1993-1-3:2006) 
Aessh = t * (be2 + ceff) 
Ys = (ceff * t * (ceff * Angle11) / 2) / Aessh 
Iessh = 1 / 12 * be2 * t ^ 3 + be2 * t * Ys ^ 2 + 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + ceff * t * ((ceff 
* Angle11) / 2 - Ys) ^ 2 
b11 = (be2 * t * (bp1 - be2 / 2) + ceff * t * (bp1 + (ceff * Cos(Angle1 * 3.141592654 / 180)) / 2)) / 
Aessh 
K1 = (E * t ^ 3) / (4 * (1 - v ^ 2) * (b11 ^ 2 * hp + b11 ^ 3)) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90) / (be2 + ceff) 
Aes = Aessh * (1 - delta1) 
Ies = Iessh * (1 - 2 * delta1) 
Scrs = 2 * (K1 * E * Ies) ^ (1 / 2) / Aes 
Ld = (fyb / Scrs) ^ (1 / 2) 
If Ld <= 0.65 Then xd(jj) = 1 
If 0.65 < Ld And Ld < 1.38 Then xd(jj) = 1.47 - 0.723 * Ld 
If Ld >= 1.38 Then xd(jj) = 0.66 / Ld 
If xd(jj) > xd(jj - 1) Then xd(jj) = xd(jj - 1) 
Aesred = xd(jj) * Aes 
If Aesred > Aes Then Aesred = Aes 
tred = t * xd(jj) 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * tred + bpc2 * t + ceff * tred + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * tred * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * 
tred * (hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
ScomEd = xd(jj) * fyb 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * tred ^ 3 + be2 * tred * (hp - Y) ^ 2 
247 
 
I4 = 1 / 12 * tred * (ceff * Angle11) ^ 2 * ceff + tred * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 
* t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * tred + ceff * tred + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta2 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program (L-D)3 are present in A1.  
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A4 Program (L-D)4 
Program (L-D)4 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for both local and distortional buckling 
• Including the compression lip for all sections  
• Ignoring step 3 in the distortional buckling procedure  
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the buckling factor of 4 for the compression flange (Table 4.1 of 
EN 1993-1-5:2006) 
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click() 
Dim n(0 To 1000) As Double 
‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
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bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange (clause 4.4 and Table 4.1 
of EN 1993-1-5:2006) 
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
Lpfred = Lpf * (ScomEd / fyb) ^ (1 / 2) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpfred) / Lpfred + 0.18 * (Lpf - Lpfred) / (Lpf - 0.6) Else 
rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be2 = 0.5 * beff 
be1 = 0.5 * beff 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
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Lplred = Lpl * (ScomEd / fyb) ^ (1 / 2) 
If Lpl > 0.748 Then rl = (1 - 0.188 / Lplred) / Lplred + 0.18 * (Lpl - Lplred) / (Lpl - 0.6) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Calculating the reduced thickness of the effective edge stiffener due to distortional 
buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 1993-1-
3:2006; clause 5.5.3.2 and Figure 5.8 of EN 1993-1-3:2006) 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Aessh = t * (be2 + ceff) 
Ys = (ceff * t * (ceff * Angle11) / 2) / Aessh 
Iessh = 1 / 12 * be2 * t ^ 3 + be2 * t * Ys ^ 2 + 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + ceff * t * ((ceff 
* Angle11) / 2 - Ys) ^ 2 
b11 = (be2 * t * (bp1 - be2 / 2) + ceff * t * (bp1 + (ceff * Cos(Angle1 * 3.141592654 / 180)) / 2)) / 
Aessh 
K1 = (E * t ^ 3) / (4 * (1 - v ^ 2) * (b11 ^ 2 * hp + b11 ^ 3)) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90) / (be2 + ceff) 
Aes = Aessh * (1 - delta1) 
Ies = Iessh * (1 - 2 * delta1) 
Scrs = 2 * (K1 * E * Ies) ^ (1 / 2) / Aes 
Ld = (fyb / Scrs) ^ (1 / 2) 
If Ld <= 0.65 Then xd = 1 
If 0.65 < Ld And Ld < 1.38 Then xd = 1.47 - 0.723 * Ld 
If Ld >= 1.38 Then xd = 0.66 / Ld 
Aesred = xd * Aes 
If Aesred > Aes Then Aesred = Aes 
tred = t * xd 
‘Calculating the position of the neutral axis of the cross-section 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * tred * hp + ceff * tred * (hp - (ceff * Angle11) / 2) + bpc2 * t 
* (bpc2 * Angle22) / 2) / (be1 * t + be2 * tred + ceff * tred + hp * t + bp2 * t + bpc2 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
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Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * tred + bpc2 * t + ceff * tred + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * tred * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * 
tred * (hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * tred ^ 3 + be2 * tred * (hp - Y) ^ 2 
I4 = 1 / 12 * tred * (ceff * Angle11) ^ 2 * ceff + tred * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 
* t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * tred + ceff * tred + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta2 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
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‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program (L-D)4 are present in A1.  
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A5 Program (L-D)5 
Program (L-D)5 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for both local and distortional buckling 
• Including the compression lip for all sections  
• Ignoring step 3 in the distortional buckling procedure  
• Applying the “mixed effective width/effective thickness” method (Annex 
D of EN 1993-1-3:2006) for the outstand compression lip 
• Applying the proposed buckling factors obtained from Equation (5.2) for 
the compression flange  
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click() 
Dim n(0 To 1000) As Double 
‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
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hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange using the proposed 
buckling factors obtained from Equation (5.2)  
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If b1 = 60 Then m = 35/60 
If b1 = 70 Then m = 30/70 
If b1 = 80 Then m = 25/80 
If b1 = 90 Then m = 20/90 
x = (4 - 0.43) / m 
Kf = 0.43 + x * c1 / b1 
If Kf > 4 Then Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
Lpfred = Lpf * (ScomEd / fyb) ^ (1 / 2) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpfred) / Lpfred + 0.18 * (Lpf - Lpfred) / (Lpf - 0.6) Else 
rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be2 = 0.5 * beff 
be1 = 0.5 * beff 
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‘Calculating the position of the neutral axis of the cross-section 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + bpc1 * t * (hp - (bpc1 * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + bpc1 * t + hp * t + bp2 * t + bpc2 * t) 
‘Calculating the effective width for the compression lip (Annex D of EN 1993-1-
3:2006) 
nl = (hp - Y - bpc1 * Angle11) / (hp - Y) 
Kl = 1.7 / (3 + nl) 
ce0 = 0.42 * bpc1 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
teff = (1.75 * rl - 0.75) * t 
ce1 = bpc1 - ce0 
‘Calculating the reduced thickness of the effective edge stiffener due to distortional 
buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 1993-1-
3:2006; clause 5.5.3.2 and Figure 5.8 of EN 1993-1-3:2006) 
Angle111 = Cos(Angle1 * 3.141592654 / 180) 
Aessh = t * (be2 + ce0) + teff * ce1 
Ys = (ce0 * t * ce0 * Angle11 / 2 + ce1 * teff * (ce1 * Angle11 / 2 + ce0 * Angle11)) / Aessh 
Iessh = 1 / 12 * be2 * t ^ 3 + be2 * t * Ys ^ 2 + 1 / 12 * t * (ce0 * Angle11) ^ 2 * ce0 + ce0 * t * (ce0 * 
Angle11 / 2 - Ys) ^ 2 + 1 / 12 * teff * (ce1 * Angle11) ^ 2 * ce1 + ce1 * teff * (ce1 * Angle11 / 2 + ce0 
* Angle11 - Ys) ^ 2 
b11 = (be2 * t * (bp1 - be2 / 2) + ce0 * t * (bp1 + ce0 * Angle111 / 2) + ce1 * teff * (bp1 + ce1 * 
Angle111 / 2 + ce0 * Angle111)) / Aessh 
K1 = (E * t ^ 3) / (4 * (1 - v ^ 2) * (b11 ^ 2 * hp + b11 ^ 3)) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90) / (be2 + ce0 + ce1) 
Aes = Aessh * (1 - delta1) 
Ies = Iessh * (1 - 2 * delta1) 
Scrs = 2 * (K1 * E * Ies) ^ (1 / 2) / Aes 
Ld = (fyb / Scrs) ^ (1 / 2) 
If Ld <= 0.65 Then xd = 1 
If 0.65 < Ld And Ld < 1.38 Then xd = 1.47 - 0.723 * Ld 
If Ld >= 1.38 Then xd = 0.66 / Ld 
Aesred = xd * Aes 
If Aesred > Aes Then Aesred = Aes 
tred0 = t * xd 
tred1 = teff * xd 
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‘Calculating the position of the neutral axis of the cross-section 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * tred0 * hp + ce0 * tred0 * (hp - ce0 * Angle11 / 2) + ce1 * 
tred1 * (hp - ce1 * Angle11 / 2 - ce0 * Angle11) + bpc2 * t * (bpc2 * Angle22) / 2) / (be1 * t + be2 * 
tred0 + ce0 * tred0 + ce1 * tred1 + hp * t + bp2 * t + bpc2 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * tred0 + bpc2 * t + ce0 * tred0 + ce1 * tred1 + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * tred0 * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ce0 * 
tred0 * (hp - ce0 * Angle11 / 2) + ce1 * tred1 * (hp - ce1 * Angle11 / 2 - ce0 * Angle11) + t * (he2 ^ 2) 
/ 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * tred0 ^ 3 + be2 * tred0 * (hp - Y) ^ 2 
I4 = 1 / 12 * tred0 * (ce0 * Angle11) ^ 2 * ce0 + tred0 * ce0 * (hp - ce0 * Angle11 / 2 - Y) ^ 2 + 1 / 12 
* tred1 * (ce1 * Angle11) ^ 2 * ce1 + tred1 * ce1 * (hp - ce1 * Angle11 / 2 - ce0 * Angle11 - Y) ^ 2 + 1 
/ 12 * t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
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Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * tred0 + ce0 * tred0 + ce1 * tred1 + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * 
t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta2 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program (L-D)5 are present in A1 
supplemented by:  
 
ce0 effective width of the compression lip ce0  
teff effective thickness of the compression lip due to local buckling teff  
nl lip stress ratio ψl 
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A6 Program (L-D)6 
Program (L-D)6 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for both local and distortional buckling 
• Including the compression lip for all sections  
• Ignoring step 3 in the distortional buckling procedure  
• Applying the “mixed effective width/effective thickness” method (Annex 
D of EN 1993-1-3:2006) for the outstand compression lip 
• Applying the proposed buckling factors obtained from Equation (6.3) for 
the compression flange  
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click() 
Dim n(0 To 1000) As Double 
‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
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hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange using the proposed 
buckling factors obtained from Equation (6.3) 
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
If b1 = 60 Then m = 35/60 
If b1 = 70 Then m = 30/70 
If b1 = 80 Then m = 25/80 
If b1 = 90 Then m = 20/90 
x = (4 - 0.43) / m 
If Angle1 >= 60 Then Kf = 0.43 + x * c1 / b1 
If Angle1 < 60 Then 
xx = 1 - (c1 / b1 - m) 
xxx = Angle11 * xx 
If xxx > 1 Then xxx = 1 
Kf = (0.43 + x * c1 / b1) * xxx 
End If 
If Kf > 4 Then Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
Lpfred = Lpf * (ScomEd / fyb) ^ (1 / 2) 
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If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpfred) / Lpfred + 0.18 * (Lpf - Lpfred) / (Lpf - 0.6) Else 
rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be2 = 0.5 * beff 
be1 = 0.5 * beff 
‘Calculating the position of the neutral axis of the cross-section 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + bpc1 * t * (hp - (bpc1 * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + bpc1 * t + hp * t + bp2 * t + bpc2 * t) 
‘Calculating the effective width for the compression lip (Annex D of EN 1993-1-
3:2006) 
nl = (hp - Y - bpc1 * Angle11) / (hp - Y) 
Kl = 1.7 / (3 + nl) 
ce0 = 0.42 * bpc1 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
teff = (1.75 * rl - 0.75) * t 
ce1 = bpc1 - ce0 
‘Calculating the reduced thickness of the effective edge stiffener due to distortional 
buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 1993-1-
3:2006; clause 5.5.3.2 and Figure 5.8 of EN 1993-1-3:2006) 
Angle111 = Cos(Angle1 * 3.141592654 / 180) 
Aessh = t * (be2 + ce0) + teff * ce1 
Ys = (ce0 * t * ce0 * Angle11 / 2 + ce1 * teff * (ce1 * Angle11 / 2 + ce0 * Angle11)) / Aessh 
Iessh = 1 / 12 * be2 * t ^ 3 + be2 * t * Ys ^ 2 + 1 / 12 * t * (ce0 * Angle11) ^ 2 * ce0 + ce0 * t * (ce0 * 
Angle11 / 2 - Ys) ^ 2 + 1 / 12 * teff * (ce1 * Angle11) ^ 2 * ce1 + ce1 * teff * (ce1 * Angle11 / 2 + ce0 
* Angle11 - Ys) ^ 2 
b11 = (be2 * t * (bp1 - be2 / 2) + ce0 * t * (bp1 + ce0 * Angle111 / 2) + ce1 * teff * (bp1 + ce1 * 
Angle111 / 2 + ce0 * Angle111)) / Aessh 
K1 = (E * t ^ 3) / (4 * (1 - v ^ 2) * (b11 ^ 2 * hp + b11 ^ 3)) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90) / (be2 + ce0 + ce1) 
Aes = Aessh * (1 - delta1) 
Ies = Iessh * (1 - 2 * delta1) 
Scrs = 2 * (K1 * E * Ies) ^ (1 / 2) / Aes 
Ld = (fyb / Scrs) ^ (1 / 2) 
If Ld <= 0.65 Then xd = 1 
If 0.65 < Ld And Ld < 1.38 Then xd = 1.47 - 0.723 * Ld 
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If Ld >= 1.38 Then xd = 0.66 / Ld 
Aesred = xd * Aes 
If Aesred > Aes Then Aesred = Aes 
tred0 = t * xd 
tred1 = teff * xd 
‘Calculating the position of the neutral axis of the cross-section 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * tred0 * hp + ce0 * tred0 * (hp - ce0 * Angle11 / 2) + ce1 * 
tred1 * (hp - ce1 * Angle11 / 2 - ce0 * Angle11) + bpc2 * t * (bpc2 * Angle22) / 2) / (be1 * t + be2 * 
tred0 + ce0 * tred0 + ce1 * tred1 + hp * t + bp2 * t + bpc2 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * tred0 + bpc2 * t + ce0 * tred0 + ce1 * tred1 + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * tred0 * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ce0 * 
tred0 * (hp - ce0 * Angle11 / 2) + ce1 * tred1 * (hp - ce1 * Angle11 / 2 - ce0 * Angle11) + t * (he2 ^ 2) 
/ 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
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I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * tred0 ^ 3 + be2 * tred0 * (hp - Y) ^ 2 
I4 = 1 / 12 * tred0 * (ce0 * Angle11) ^ 2 * ce0 + tred0 * ce0 * (hp - ce0 * Angle11 / 2 - Y) ^ 2 + 1 / 12 
* tred1 * (ce1 * Angle11) ^ 2 * ce1 + tred1 * ce1 * (hp - ce1 * Angle11 / 2 - ce0 * Angle11 - Y) ^ 2 + 1 
/ 12 * t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * tred0 + ce0 * tred0 + ce1 * tred1 + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * 
t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta2 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program (L-D)6 are present in A1 and A5.  
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A7 Program (L-D)7 
Program (L-D)7 calculates the moment capacity of a cold-formed lipped Z section 
with intermediate stiffeners in the flanges (Figure A.4), taking into account the 
following considerations: 
• Allowing for both local and distortional buckling 
• Including the compression lip for all sections  
• Taking into account the effect of distortional buckling for both edge and 
intermediate stiffeners 
• Including step 3 in the lip/flange distortional buckling procedure (Figure 
5.8(e) of EN 1993-1-3:2006) 
• Ignoring step 3 in the distortional buckling procedure of the intermediate 
stiffener 
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the buckling factor of 4 for both parts of the compression flange 
(Table 4.1 of EN 1993-1-5:2006) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.2 Definitions for cross-sectional dimensions for considered cold-formed 
steel Z sections with both edge and intermediate stiffeners 
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This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click() 
Dim n(0 To 1000) As Double 
Dim xd(0 To 1000) As Double 
‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
r1 = ActiveSheet.Cells(2, 10) 
a = ActiveSheet.Cells(2, 11) 
Angle1 = ActiveSheet.Cells(2, 12) 
Angle2 = ActiveSheet.Cells(2, 13) 
Angle3 = ActiveSheet.Cells(2, 14) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
a1 = (bp1 - (r - t1 / 2) - (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 180)) * a 
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bp11 = a1 - ((r - t1 / 2) * Tan(Angle3 / 2 * 3.141592654 / 180)) * Cos(Angle3 * 3.141592654 / 180) - 
(r1 + t1 / 2) * Sin(Angle3 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 180) 
bp12 = bp1 - a1 - (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 180) - ((r - t1 / 2) * Tan(Angle3 / 2 * 
3.141592654 / 180)) * Cos(Angle3 * 3.141592654 / 180) - (r1 + t1 / 2) * Sin(Angle3 * 3.141592654 / 
180) 
s11 = (r - t1 / 2) * Tan(Angle3 / 2 * 3.141592654 / 180) 
s13 = s11 
s12 = 2 * r1 * Angle3 * 3.141592654 / 180 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
a2 = (bp2 - (r - t1 / 2) - (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 180)) * a 
bp21 = a2 - ((r - t1 / 2) * Tan(Angle3 / 2 * 3.141592654 / 180)) * Cos(Angle3 * 3.141592654 / 180) - 
(r1 + t1 / 2) * Sin(Angle3 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 180) 
bp22 = bp2 - a2 - (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 180) - ((r - t1 / 2) * Tan(Angle3 / 2 * 
3.141592654 / 180)) * Cos(Angle3 * 3.141592654 / 180) - (r1 + t1 / 2) * Sin(Angle3 * 3.141592654 / 
180) 
s21 = (r - t1 / 2) * Tan(Angle3 / 2 * 3.141592654 / 180) 
s23 = s21 
s22 = 2 * r1 * Angle3 * 3.141592654 / 180 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Iterative process for the reduction factor for distortional buckling of the edge 
stiffener (Figure 5.8(e) of EN 1993-1-3:2006) 
ScomEd = fyb 
xd(0) = 2 
xd(1) = 1 
jj = 1 
Do While Abs((xd(jj - 1) - xd(jj)) / xd(jj - 1)) > 0.001 
‘Calculating the effective widths for the compression flange (clause 4.4 and Table 4.1 
of EN 1993-1-5:2006) 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
Kf = 4 
Lpf1 = (bp11 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
Lpfred1 = Lpf1 * (ScomEd / fyb) ^ (1 / 2) 
266 
 
If Lpf1 > 0.673 Then rf1 = (1 - 0.055 * (3 + 1) / Lpfred1) / Lpfred1 + 0.18 * (Lpf1 - Lpfred1) / (Lpf1 - 
0.6) Else rf1 = 1 
If rf1 > 1 Then rf1 = 1 
beff1 = rf1 * bp11 
be12 = 0.5 * beff1 
If Lpf1 > 0.673 Then rf12 = (1 - 0.055 * (3 + 1) / Lpf1) / Lpf1 Else rf12 = 1 
If rf12 > 1 Then rf12 = 1 
beff12 = rf12 * bp11 
be11 = 0.5 * beff12 
Lpf2 = (bp12 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf2 > 0.673 Then rf2 = (1 - 0.055 * (3 + 1) / Lpf2) / Lpf2 Else rf2 = 1 
If rf2 > 1 Then rf2 = 1 
beff2 = rf2 * bp12 
be21 = 0.5 * beff2 
be22 = 0.5 * beff2 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
Lplred = Lpl * (ScomEd / fyb) ^ (1 / 2) 
If Lpl > 0.748 Then rl = (1 - 0.188 / Lplred) / Lplred + 0.18 * (Lpl - Lplred) / (Lpl - 0.6) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Calculating the position of the neutral axis of the cross-section 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be11 * t * hp + be12 * t * hp + be21 * t * hp + be22 * t * hp + s11 * t * (hp - (s11 
* Sin(Angle3 * 3.141592654 / 180)) / 2) + s13 * t * (hp - (s13 * Sin(Angle3 * 3.141592654 / 180)) / 2) 
+ s12 * t * (hp + t / 2 - 2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 3.141592654 
/ 180)) + s21 * t * (s21 * Sin(Angle3 * 3.141592654 / 180)) / 2 + s23 * t * (s23 * Sin(Angle3 * 
3.141592654 / 180)) / 2 + s22 * t * (2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 
3.141592654 / 180) - t / 2) + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * (bpc2 * Angle22) / 2) / 
(be11 * t + be12 * t + be21 * t + be22 * t + ceff * t + hp * t + bp21 * t + bp22 * t + bpc2 * t + s11 * t + 
s12 * t + s13 * t + s21 * t + s22 * t + s23 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
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j = 1 
jj = jj + 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the reduced thickness of the effective edge stiffener due to distortional 
buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 1993-1-
3:2006; clause 5.5.3.2 and Figure 5.8 of EN 1993-1-3:2006) 
Aessh = t * (be12 + ceff) 
Ys = (ceff * t * (ceff * Angle11) / 2) / Aessh 
Iessh = 1 / 12 * be12 * t ^ 3 + be12 * t * Ys ^ 2 + 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + ceff * t * 
((ceff * Angle11) / 2 - Ys) ^ 2 
b11 = (be12 * t * (bp1 - be12 / 2) + ceff * t * (bp1 + (ceff * Cos(Angle1 * 3.141592654 / 180)) / 2)) / 
Aessh 
K1 = (E * t ^ 3) / (4 * (1 - v ^ 2) * (b11 ^ 2 * hp + b11 ^ 3)) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90) / (be12 + ceff) 
Aes = Aessh * (1 - delta1) 
Ies = Iessh * (1 - 2 * delta1) 
Scrs = 2 * (K1 * E * Ies) ^ (1 / 2) / Aes 
Ld = (fyb / Scrs) ^ (1 / 2) 
If Ld <= 0.65 Then xd(jj) = 1 
If 0.65 < Ld And Ld < 1.38 Then xd(jj) = 1.47 - 0.723 * Ld 
If Ld >= 1.38 Then xd(jj) = 0.66 / Ld 
If xd(jj) > xd(jj - 1) Then xd(jj) = xd(jj - 1) 
Aesred = xd(jj) * Aes 
If Aesred > Aes Then Aesred = Aes 
tred = t * xd(jj) 
‘Calculating the reduced thickness of the effective intermediate stiffener due to 
distortional buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 
1993-1-3:2006; clause 5.5.3.3 and Figure 5.10 of EN 1993-1-3:2006) 
Aesshi = t * (be11 + be21 + s11 + s12 + s13) 
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Ysi = (s12 * t * (2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 3.141592654 / 180) 
- t / 2) + s11 * t * (s11 * Sin(Angle3 * 3.141592654 / 180)) / 2 + s13 * t * (s13 * Sin(Angle3 * 
3.141592654 / 180)) / 2) / Aesshi 
Iesshi = 1 / 12 * be11 * t ^ 3 + be11 * t * Ysi ^ 2 + 1 / 12 * be21 * t ^ 3 + be21 * t * Ysi ^ 2 + 1 / 12 * t 
* (s11 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s11 + s11 * t * (Ysi - (s11 * Sin(Angle3 * 
3.141592654 / 180)) / 2) ^ 2 + 1 / 12 * t * (s13 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s13 + s13 * t 
* (Ysi - (s13 * Sin(Angle3 * 3.141592654 / 180)) / 2) ^ 2 + t * (r1 + t / 2) ^ 3 * ((Angle3 * 
3.141592654 / 180) + 0.5 * Sin(Angle3 * 2 * 3.141592654 / 180)) + s12 * t * (2 * (r1 + t / 2) * 
Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 3.141592654 / 180) - t / 2 - Ysi) ^ 2 
b11i = (be21 * t * (bp11 - be21 / 2) + be11 * t * (bp1 - bp12 + be11 / 2) + s11 * t * (bp11 + s11 * 
Cos(Angle3 * 3.141592654 / 180) / 2) + s13 * t * (bp1 - bp12 - s13 * Cos(Angle3 * 3.141592654 / 
180) / 2) + s12 * t * (bp11 + s11 * Cos(Angle3 * 3.141592654 / 180) + (r1 + t / 2) * Sin(Angle3 * 
3.141592654 / 180))) / Aesshi 
b12i = bp1 - b11i 
di = (b11i ^ 2 * b12i ^ 2 * 12 * (1 - v ^ 2)) / (3 * (b11i + b12i) * E * t ^ 3) 
Ki = 1 / di 
deltai = 0.43 * 2 * (r - t1) * Angle3 / 90 / (be11 + be21 + s11 + s12 + s13) 
Aesi = Aesshi * (1 - delta1i) 
Iesi = Iesshi * (1 - 2 * delta1i) 
Scrsi = 2 * (Ki * E * Iesi) ^ (1 / 2) / Aesi 
Ldi = (fyb / Scrsi) ^ (1 / 2) 
If Ldi <= 0.65 Then xdi = 1 
If 0.65 < Ldi And Ldi < 1.38 Then xdi = 1.47 - 0.723 * Ldi 
If Ldi >= 1.38 Then xdi = 0.66 / Ldi 
Aesredi = xdi * Aesi 
If Aesredi > Aesi Then Aesredi = Aesi 
tredi = t * xdi 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be11 * tredi + be12 * tred + be21 * tredi + be22 * t + bpc2 * t + ceff * tred + bp21 * t + 
bp22 * t + s11 * tredi + s12 * tredi + s13 * tredi + s21 * t + s22 * t + s23 * t 
c = -(he1 * t * (hp - he1 / 2) + be11 * tredi * hp + be12 * tred * hp + be21 * tredi * hp + be22 * t * hp + 
bpc2 * t * (bpc2 * Angle22) / 2 + ceff * tred * (hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2 + s11 * 
tredi * (hp - (s11 * Sin(Angle3 * 3.141592654 / 180)) / 2) + s13 * tredi * (hp - (s13 * Sin(Angle3 * 
3.141592654 / 180)) / 2) + s12 * tredi * (hp + t / 2 - 2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / 
(Angle3 * 2 * 3.141592654 / 180)) + s21 * t * (s21 * Sin(Angle3 * 3.141592654 / 180)) / 2 + s23 * t * 
(s23 * Sin(Angle3 * 3.141592654 / 180)) / 2 + s22 * t * (2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 
180) / (Angle3 * 2 * 3.141592654 / 180) - t / 2)) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
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If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
ScomEd = xd(jj) * fyb 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp21 * t ^ 3 + bp21 * t * Y ^ 2 + 1 / 12 * bp22 * t ^ 3 + bp22 * t * Y ^ 2 + 1 / 12 * t * Y ^ 
3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be11 * tredi ^ 3 + be11 * tredi * (hp - Y) ^ 2 + 1 / 12 * be12 * tred ^ 3 + be12 * tred * (hp 
- Y) ^ 2 + 1 / 12 * be21 * tredi ^ 3 + be21 * tredi * (hp - Y) ^ 2 + 1 / 12 * be22 * t ^ 3 + be22 * t * (hp - 
Y) ^ 2 
I4 = 1 / 12 * tred * (ceff * Angle11) ^ 2 * ceff + tred * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 
* t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
I5 = 1 / 12 * tredi * (s11 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s11 + s11 * tredi * (hp - (s11 * 
Sin(Angle3 * 3.141592654 / 180)) / 2 - Y) ^ 2 + 1 / 12 * tredi * (s13 * Sin(Angle3 * 3.141592654 / 
180)) ^ 2 * s13 + s13 * tredi * (hp - (s13 * Sin(Angle3 * 3.141592654 / 180)) / 2 - Y) ^ 2 
I6 = 1 / 12 * t * (s21 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s21 + s21 * t * (Y - (s21 * Sin(Angle3 
* 3.141592654 / 180)) / 2) ^ 2 + 1 / 12 * t * (s23 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s23 + s23 * 
t * (Y - (s23 * Sin(Angle3 * 3.141592654 / 180)) / 2) ^ 2 
I7 = tredi * (r1 + t / 2) ^ 3 * ((Angle3 * 3.141592654 / 180) + 0.5 * Sin(Angle3 * 2 * 3.141592654 / 
180)) + s12 * tredi * (hp + t / 2 - 2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 
3.141592654 / 180) - Y) ^ 2 
I8 = t * (r1 + t / 2) ^ 3 * ((Angle3 * 3.141592654 / 180) + 0.5 * Sin(Angle3 * 2 * 3.141592654 / 180)) 
+ s22 * t * (Y - 2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 3.141592654 / 180) - 
t / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 + I5 + I6 + I7 + I8 
Aeffsh = be11 * tredi + be12 * tred + be21 * tredi + be22 * t + ceff * tred + bpc2 * t + he1 * t + he2 * t 
+ Y * t + bp21 * t + bp22 * t + s11 * tredi + s12 * tredi + s13 * tredi + s21 * t + s22 * t + s23 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta2 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90 + 4 * (r - t1) * 
Angle3 / 90) / (hp + bp11 + bp12 + bp21 + bp22 + bpc11 + bpc2 + 8 * (r - t / 2) * Tan(Angle3 / 2 * 
3.141592654 / 180)) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
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‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 15) = Mcrd 
End Sub 
 
The symbols used in program (L-D)7 are defined as follows: 
 
fyb                  basic yield strength fyb 
b1                   out-to-out compression flange width b1 (Figure A.2)  
b2                   out-to-out tension flange width b2 (Figure A.2) 
c1                   out-to-out compression lip width c1 (Figure A.2)  
c2                   out-to-out tension flange width c2 (Figure A.2)      
h                     out-to-out web height (Figure A.2)      
r                      external corner radius (Figure A.2)   
r1                    internal radius of the intermediate stiffener r1 (Figure A.2) 
t1                    thickness inclusive of zinc coating, t1 (Figure A.2) 
t   thickness minus zinc coating
 
Angle1        angle of inclination of the compression lip θ1 (Figure A.2) 
Angle2        angle of inclination of the tension lip θ2 (Figure A.2) 
Angle3 
pi
180
rr
r
arccosθ
1
3 ×





+
=  
a  coefficient used to determine the position of the intermediate stiffener 
in the flange (see the formula for a1 and a2 in the program) 
a1, a2 a1, a2 (Figure A.2) 
bp1         notional flat width for the compression flange bp1  
bp11, bp12   notional flat widths for the compression flange, bp11 and bp12 
bp2         notional flat width for the tension flange bp2  
bp21, bp22   notional flat widths for the tension flange, bp21 and bp22 
hp         notional flat width for the web hp  
bpc1         notional flat width for the compression lip bpc1  
bpc2 notional flat width for the tension lip bpc2  
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E                     modulus of elasticity  
v                     Poisson’s ratio in elastic range ν 
ee                   )(N/mm235/fε 2yb=  
ScomEd         compressive stress for the edge stiffener σcom,Ed 
xd                   reduction factor for distortional bucking dχ  
Kf                   flange buckling factor kσ,f 
Kl lip buckling factor kσ,l 
Kw web buckling factor kσ,w 
Lpf local buckling slenderness of the flange fp,λ  
Lpfred reduced local buckling slenderness of the flange fred,p,λ  
Lpl local buckling slenderness of the lip lp,λ  
Lplred reduced local buckling slenderness of the lip lred,p,λ  
Lpw local buckling slenderness of the web lp,λ  
rf, rf1 reduction factor for the flange local buckling  
rl reduction factor for the lip local buckling  
rw reduction factor for the web local buckling  
beff, beff1 flange effective width beff 
be11, be12 flange effective widths, be11 and be12 
be21, be22 flange effective widths, be21 and be22 
ceff lip effective width ceff 
hc compression web height hc 
hceff compression web effective width hc,eff 
he1, he2 compression web effective widths, he1 and he2 
n(j) web stress ratio 
Aessh effective cross-sectional area of the edge stiffener with sharp corner, 
As,sh 
Aes effective cross-sectional area of the edge stiffener taking into account 
the influence of rounded corner, As  
Iessh effective second moment of area of the edge stiffener with sharp 
corner, Is,sh 
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Ies effective second moment of area of the edge stiffener taking into 
account the influence of rounded corner, Is  
b11 distance from web-to-flange junction to gravity centre of effective area 
of edge stiffener b11  
di deflection of the intermediate stiffener due to the unit load, δ  
K1 spring stiffness per unit length for the edge stiffener K1 
Ld distortional buckling slenderness of the edge stiffener dλ  
Scrs elastic critical buckling stress for the edge stiffener σcr,s 
tred reduced thickness of the edge stiffener tred 
Aesshi effective cross-sectional area of the intermediate stiffener with sharp 
corners, As,sh 
Aesi effective cross-sectional area of the intermediate stiffener taking into 
account the influence of rounded corners, As  
Iesshi effective second moment of area of the intermediate stiffener with 
sharp corners, Is,sh 
Iesi effective second moment of area of the intermediate stiffener taking 
into account the influence of rounded corners, Is  
Ki spring stiffness per unit length for the intermediate stiffener K
 
Ldi distortional buckling slenderness of the intermediate stiffener dλ  
Scrsi elastic critical buckling stress for the intermediate stiffener σcr,s 
tredi reduced thickness of the intermediate stiffener tred 
Y distance from the neutral axis of the effective cross-section to the 
tension flange  
Aeffsh effective area of the cross-section with sharp corners, Aeff,sh 
Ieffsh effective second moment of area of the cross-section with sharp 
corners, Ieff,sh 
Aeff effective cross-sectional area taking into account the influence of 
rounded corners, Aeff 
Ieff effective second moment of area of the cross-section taking into 
account the influence of rounded corners, Ieff 
Weffcom compressive effective section modulus Weff,com 
Wefften tensile effective section modulus Weff,ten 
Mcrdcom compressive design moment resistance of the cross-section Mc,Rd,com 
273 
 
Mcrdten tensile design moment resistance of the cross-section Mc,Rd,ten 
Mcrd design moment resistance of the cross-section Mc,Rd 
 
* Notional flat widths of the plane elements i.e. bp1, bp2, bpc1, bpc2, hp, were measured 
to the points of intersection of their midlines.  
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A8 Program (L-D)8 
Program (L-D)8 calculates the moment capacity of a cold-formed lipped Z section 
with intermediate stiffeners in the flanges (Figure A.2), taking into account the 
following considerations: 
• Allowing for both local and distortional buckling 
• Including the compression lip for all sections  
• Ignoring the effect of distortional buckling for the intermediate stiffener 
i.e. taking into account the effect of distortional buckling for the edge 
stiffener only 
• Including step 3 in the lip/flange distortional buckling procedure (Figure 
5.8(e) of EN 1993-1-3:2006) 
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the buckling factor of 4 for both parts of the compression flange 
(Table 4.1 of EN 1993-1-5:2006) 
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click() 
Dim n(0 To 1000) As Double 
Dim xd(0 To 1000) As Double 
‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
r1 = ActiveSheet.Cells(2, 10) 
a = ActiveSheet.Cells(2, 11) 
Angle1 = ActiveSheet.Cells(2, 12) 
Angle2 = ActiveSheet.Cells(2, 13) 
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Angle3 = ActiveSheet.Cells(2, 14) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
a1 = (bp1 - (r - t1 / 2) - (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 180)) * a 
bp11 = a1 - ((r - t1 / 2) * Tan(Angle3 / 2 * 3.141592654 / 180)) * Cos(Angle3 * 3.141592654 / 180) - 
(r1 + t1 / 2) * Sin(Angle3 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 180) 
bp12 = bp1 - a1 - (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 180) - ((r - t1 / 2) * Tan(Angle3 / 2 * 
3.141592654 / 180)) * Cos(Angle3 * 3.141592654 / 180) - (r1 + t1 / 2) * Sin(Angle3 * 3.141592654 / 
180) 
s11 = (r - t1 / 2) * Tan(Angle3 / 2 * 3.141592654 / 180) 
s13 = s11 
s12 = 2 * r1 * Angle3 * 3.141592654 / 180 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
a2 = (bp2 - (r - t1 / 2) - (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 180)) * a 
bp21 = a2 - ((r - t1 / 2) * Tan(Angle3 / 2 * 3.141592654 / 180)) * Cos(Angle3 * 3.141592654 / 180) - 
(r1 + t1 / 2) * Sin(Angle3 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 180) 
bp22 = bp2 - a2 - (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 180) - ((r - t1 / 2) * Tan(Angle3 / 2 * 
3.141592654 / 180)) * Cos(Angle3 * 3.141592654 / 180) - (r1 + t1 / 2) * Sin(Angle3 * 3.141592654 / 
180) 
s21 = (r - t1 / 2) * Tan(Angle3 / 2 * 3.141592654 / 180) 
s23 = s21 
s22 = 2 * r1 * Angle3 * 3.141592654 / 180 
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hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Iterative process for the reduction factor for distortional buckling of the edge 
stiffener (Figure 5.8(e) of EN 1993-1-3:2006) 
ScomEd = fyb 
xd(0) = 2 
xd(1) = 1 
jj = 1 
Do While Abs((xd(jj - 1) - xd(jj)) / xd(jj - 1)) > 0.001 
‘Calculating the effective widths for the compression flange (clause 4.4 and Table 4.1 
of EN 1993-1-5:2006) 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
Kf = 4 
Lpf1 = (bp11 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
Lpfred1 = Lpf1 * (ScomEd / fyb) ^ (1 / 2) 
If Lpf1 > 0.673 Then rf1 = (1 - 0.055 * (3 + 1) / Lpfred1) / Lpfred1 + 0.18 * (Lpf1 - Lpfred1) / (Lpf1 - 
0.6) Else rf1 = 1 
If rf1 > 1 Then rf1 = 1 
beff1 = rf1 * bp11 
be12 = 0.5 * beff1 
If Lpf1 > 0.673 Then rf12 = (1 - 0.055 * (3 + 1) / Lpf1) / Lpf1 Else rf12 = 1 
If rf12 > 1 Then rf12 = 1 
beff12 = rf12 * bp11 
be11 = 0.5 * beff12 
Lpf2 = (bp12 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf2 > 0.673 Then rf2 = (1 - 0.055 * (3 + 1) / Lpf2) / Lpf2 Else rf2 = 1 
If rf2 > 1 Then rf2 = 1 
beff2 = rf2 * bp12 
be21 = 0.5 * beff2 
be22 = 0.5 * beff2 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
277 
 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
Lplred = Lpl * (ScomEd / fyb) ^ (1 / 2) 
If Lpl > 0.748 Then rl = (1 - 0.188 / Lplred) / Lplred + 0.18 * (Lpl - Lplred) / (Lpl - 0.6) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Calculating the position of the neutral axis of the cross-section 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be11 * t * hp + be12 * t * hp + be21 * t * hp + be22 * t * hp + s11 * t * (hp - (s11 
* Sin(Angle3 * 3.141592654 / 180)) / 2) + s13 * t * (hp - (s13 * Sin(Angle3 * 3.141592654 / 180)) / 2) 
+ s12 * t * (hp + t / 2 - 2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 3.141592654 
/ 180)) + s21 * t * (s21 * Sin(Angle3 * 3.141592654 / 180)) / 2 + s23 * t * (s23 * Sin(Angle3 * 
3.141592654 / 180)) / 2 + s22 * t * (2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 
3.141592654 / 180) - t / 2) + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * (bpc2 * Angle22) / 2) / 
(be11 * t + be12 * t + be21 * t + be22 * t + ceff * t + hp * t + bp21 * t + bp22 * t + bpc2 * t + s11 * t + 
s12 * t + s13 * t + s21 * t + s22 * t + s23 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
jj = jj + 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the reduced thickness of the effective edge stiffener due to distortional 
buckling (clause 5.5.3.1(2) of EN 1993-1-3:2006; clause 5.5.3.1(7) of EN 1993-1-
3:2006; clause 5.5.3.2 and Figure 5.8 of EN 1993-1-3:2006) 
Aessh = t * (be12 + ceff) 
Ys = (ceff * t * (ceff * Angle11) / 2) / Aessh 
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Iessh = 1 / 12 * be12 * t ^ 3 + be12 * t * Ys ^ 2 + 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + ceff * t * 
((ceff * Angle11) / 2 - Ys) ^ 2 
b11 = (be12 * t * (bp1 - be12 / 2) + ceff * t * (bp1 + (ceff * Cos(Angle1 * 3.141592654 / 180)) / 2)) / 
Aessh 
K1 = (E * t ^ 3) / (4 * (1 - v ^ 2) * (b11 ^ 2 * hp + b11 ^ 3)) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90) / (be12 + ceff) 
Aes = Aessh * (1 - delta1) 
Ies = Iessh * (1 - 2 * delta1) 
Scrs = 2 * (K1 * E * Ies) ^ (1 / 2) / Aes 
Ld = (fyb / Scrs) ^ (1 / 2) 
If Ld <= 0.65 Then xd(jj) = 1 
If 0.65 < Ld And Ld < 1.38 Then xd(jj) = 1.47 - 0.723 * Ld 
If Ld >= 1.38 Then xd(jj) = 0.66 / Ld 
If xd(jj) > xd(jj - 1) Then xd(jj) = xd(jj - 1) 
Aesred = xd(jj) * Aes 
If Aesred > Aes Then Aesred = Aes 
tred = t * xd(jj) 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be11 * t + be12 * tred + be21 * t + be22 * t + bpc2 * t + ceff * tred + bp21 * t + bp22 * t 
+ s11 * t + s12 * t + s13 * t + s21 * t + s22 * t + s23 * t 
c = -(he1 * t * (hp - he1 / 2) + be11 * t * hp + be12 * tred * hp + be21 * t * hp + be22 * t * hp + bpc2 * 
t * (bpc2 * Angle22) / 2 + ceff * tred * (hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2 + s11 * t * (hp - 
(s11 * Sin(Angle3 * 3.141592654 / 180)) / 2) + s13 * t * (hp - (s13 * Sin(Angle3 * 3.141592654 / 
180)) / 2) + s12 * t * (hp + t / 2 - 2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 
3.141592654 / 180)) + s21 * t * (s21 * Sin(Angle3 * 3.141592654 / 180)) / 2 + s23 * t * (s23 * 
Sin(Angle3 * 3.141592654 / 180)) / 2 + s22 * t * (2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / 
(Angle3 * 2 * 3.141592654 / 180) - t / 2)) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
ScomEd = xd(jj) * fyb 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp21 * t ^ 3 + bp21 * t * Y ^ 2 + 1 / 12 * bp22 * t ^ 3 + bp22 * t * Y ^ 2 + 1 / 12 * t * Y ^ 
3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
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I3 = 1 / 12 * be11 * t ^ 3 + be11 * t * (hp - Y) ^ 2 + 1 / 12 * be12 * tred ^ 3 + be12 * tred * (hp - Y) ^ 2 
+ 1 / 12 * be21 * t ^ 3 + be21 * t * (hp - Y) ^ 2 + 1 / 12 * be22 * t ^ 3 + be22 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * tred * (ceff * Angle11) ^ 2 * ceff + tred * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 
* t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
I5 = 1 / 12 * t * (s11 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s11 + s11 * t * (hp - (s11 * Sin(Angle3 
* 3.141592654 / 180)) / 2 - Y) ^ 2 + 1 / 12 * t * (s13 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s13 + 
s13 * t * (hp - (s13 * Sin(Angle3 * 3.141592654 / 180)) / 2 - Y) ^ 2 
I6 = 1 / 12 * t * (s21 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s21 + s21 * t * (Y - (s21 * Sin(Angle3 
* 3.141592654 / 180)) / 2) ^ 2 + 1 / 12 * t * (s23 * Sin(Angle3 * 3.141592654 / 180)) ^ 2 * s23 + s23 * 
t * (Y - (s23 * Sin(Angle3 * 3.141592654 / 180)) / 2) ^ 2 
I7 = t * (r1 + t / 2) ^ 3 * ((Angle3 * 3.141592654 / 180) + 0.5 * Sin(Angle3 * 2 * 3.141592654 / 180)) 
+ s12 * t * (hp + t / 2 - 2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 3.141592654 
/ 180) - Y) ^ 2 
I8 = t * (r1 + t / 2) ^ 3 * ((Angle3 * 3.141592654 / 180) + 0.5 * Sin(Angle3 * 2 * 3.141592654 / 180)) 
+ s22 * t * (Y - 2 * (r1 + t / 2) * Sin(Angle3 * 3.141592654 / 180) / (Angle3 * 2 * 3.141592654 / 180) - 
t / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 + I5 + I6 + I7 + I8 
Aeffsh = be11 * t + be12 * tred + be21 * t + be22 * t + ceff * tred + bpc2 * t + he1 * t + he2 * t + Y * t 
+ bp2 * t + s11 * t + s12 * t + s13 * t + s21 * t + s22 * t + s23 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta2 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90 + 4 * (r - t1) * 
Angle3 / 90) / (hp + bp11 + bp12 + bp21 + bp22 + bpc11 + bpc2 + 8 * (r - t / 2) * Tan(Angle3 / 2 * 
3.141592654 / 180)) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 15) = Mcrd 
End Sub 
 
The definitions for the symbols used in program (L-D)8 are present in A7.  
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A9 Program L1 
Program L1 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for local buckling only i.e. including the inhibiting effect of 
sheeting on distortional buckling of the top flange 
• Ignoring the compression lip for the sections with c/b < 0.2 (clause 5.2(2) 
of EN 1993-1-3:2006) 
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the buckling factor of 4 for the compression flange (Table 4.1 of 
EN 1993-1-5:2006) 
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
 ‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
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bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Clause 5.2(2) of EN 1993-1-3:2006 for the compression lip 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
bpc0 = (c1) * Angle11 
If bpc0 / b1 < 0.2 Then bpc1 = 0 
If bpc0 / b1 < 0.2 Then Lip = 0 Else Lip = 1 
‘Calculating the effective widths for the compression flange (clause 4.4 and Table 4.1 
of EN 1993-1-5:2006) 
If Lip = 1 Then 
Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be1 = 0.5 * beff 
be2 = 0.5 * beff 
End If 
If Lip = 0 Then 
Kf = 0.43 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.748 Then rf = (Lpf - 0.188) / (Lpf ^ 2) Else rf = 1 
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If rf > 1 Then rf = 1 
beff = rf * bp1 
End If 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If Lip = 1 Then 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
End If 
‘Calculating the position of the neutral axis of the cross-section 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
If Lip = 1 Then 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + ceff * t + hp * t + bp2 * t + bpc2 * t) 
End If 
If Lip = 0 Then 
Y = (hp * t * hp / 2 + beff * t * hp + bpc2 * t * (bpc2 * Angle22) / 2) / (beff * t + hp * t + bp2 * t + 
bpc2 * t) 
End If 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
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‘Calculating the position of the neutral axis of the cross-section 
If Lip = 1 Then 
a = t / 2 
b = he1 * t + be1 * t + be2 * t + bpc2 * t + ceff * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * t * 
(hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
End If 
If Lip = 0 Then 
a = t / 2 
b = he1 * t + beff * t + bpc2 * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + beff * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
End If 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
‘Calculating the effective second moment of area of the cross-section 
If Lip = 1 Then 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * t ^ 3 + be2 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + t * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 * t * 
(bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * t + ceff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
End If 
If Lip = 0 Then 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * beff * t ^ 3 + beff * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = beff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
End If 
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‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
If Lip = 1 Then 
delta1 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta1) 
Aeff = Aeffsh * (1 - delta1) 
End If 
If Lip = 0 Then 
delta2 = 0.43 * ((r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta2) 
Aeff = Aeffsh * (1 - delta2) 
End If 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program L1 are present in A1.  
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A10 Program L2 
Program L2 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for local buckling only i.e. including the inhibiting effect of 
sheeting on distortional buckling of the top flange 
• Including the compression lip for all sections  
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the buckling factor of 4 for the compression flange (Table 4.1 of 
EN 1993-1-5:2006) 
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
 ‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
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bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange (clause 4.4 and Table 4.1 
of EN 1993-1-5:2006) 
Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be1 = 0.5 * beff 
be2 = 0.5 * beff 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Calculating the position of the neutral axis of the cross-section 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
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Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + ceff * t + hp * t + bp2 * t + bpc2 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * t + bpc2 * t + ceff * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * t * 
(hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * t ^ 3 + be2 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + t * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 * t * 
(bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * t + ceff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
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‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta1) 
Aeff = Aeffsh * (1 - delta1) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program L2 are present in A1.  
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A11 Program L3 
Program L3 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for local buckling only i.e. including the inhibiting effect of 
sheeting on distortional buckling of the top flange 
• Including the compression lip for all sections  
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the proposed buckling factors obtained from Equation (5.2) for 
the compression flange  
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
 ‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
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bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange using the proposed 
buckling factors obtained from Equation (5.2)  
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If b1 = 60 Then m = 35/60 
If b1 = 70 Then m = 30/70 
If b1 = 80 Then m = 25/80 
If b1 = 90 Then m = 20/90 
x = (4 - 0.43) / m 
Kf = 0.43 + x * c1 / b1 
If Kf > 4 Then Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be1 = 0.5 * beff 
be2 = 0.5 * beff 
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‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Calculating the position of the neutral axis of the cross-section 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + ceff * t + hp * t + bp2 * t + bpc2 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * t + bpc2 * t + ceff * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * t * 
(hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
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Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * t ^ 3 + be2 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + t * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 * t * 
(bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * t + ceff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta1) 
Aeff = Aeffsh * (1 - delta1) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program L3 are present in A1.  
 
 
 
 
 
 
 
 
 
 
293 
 
A12 Program L4 
Program L4 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for local buckling only i.e. including the inhibiting effect of 
sheeting on distortional buckling of the top flange 
• Including the compression lip for all sections  
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip stress ratio formula (Table 4.2 of EN 1993-1-5:2006) for the 
outstand compression lip 
• Applying the proposed buckling factors obtained from Equation (5.2) for 
the compression flange  
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
 ‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
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bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange using the proposed 
buckling factors obtained from Equation (5.2)  
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If b1 = 60 Then m = 35/60 
If b1 = 70 Then m = 30/70 
If b1 = 80 Then m = 25/80 
If b1 = 90 Then m = 20/90 
x = (4 - 0.43) / m 
Kf = 0.43 + x * c1 / b1 
If Kf > 4 Then Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be1 = 0.5 * beff 
be2 = 0.5 * beff 
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‘Calculating the position of the neutral axis of the cross-section 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + bpc1 * t * (hp - (bpc1 * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + bpc1 * t + hp * t + bp2 * t + bpc2 * t) 
‘Calculating the effective width for the compression lip (clause 4.4 and Table 4.2 of 
EN 1993-1-5:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
nl = (hp - Y - bpc1 * Angle11) / (hp - Y) 
Kl = 0.578 / (nl + 0.34) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * t + bpc2 * t + ceff * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * t * 
(hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
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Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * t ^ 3 + be2 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + t * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 * t * 
(bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * t + ceff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta1) 
Aeff = Aeffsh * (1 - delta1) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program L4 are present in A1.  
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A13 Program L5 
Program L5 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for local buckling only i.e. including the inhibiting effect of 
sheeting on distortional buckling of the top flange 
• Including the compression lip for all sections  
• Applying the “mixed effective width/effective thickness” method (Annex 
D of EN 1993-1-3:2006) for the outstand compression lip 
• Applying the proposed buckling factors obtained from Equation (5.2) for 
the compression flange  
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
 ‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
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hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange using the proposed 
buckling factors obtained from Equation (5.2)  
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If b1 = 60 Then m = 35/60 
If b1 = 70 Then m = 30/70 
If b1 = 80 Then m = 25/80 
If b1 = 90 Then m = 20/90 
x = (4 - 0.43) / m 
Kf = 0.43 + x * c1 / b1 
If Kf > 4 Then Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be1 = 0.5 * beff 
be2 = 0.5 * beff 
‘Calculating the position of the neutral axis of the cross-section 
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
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Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + bpc1 * t * (hp - (bpc1 * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + bpc1 * t + hp * t + bp2 * t + bpc2 * t) 
‘Calculating the effective width for the compression lip (Annex D of EN 1993-1-
3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
nl = (hp - Y - bpc1 * Angle11) / (hp - Y) 
Kl = 1.7 / (3 + nl) 
ce0 = 0.42 * bpc1 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
teff = (1.75 * rl - 0.75) * t 
ce1 = bpc1 - ce0 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * t + bpc2 * t + ce0 * t + ce1 * teff + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ce0 * t * 
(hp - (ce0 * Angle11) / 2) + ce1 * teff * (hp - (ce0 * Angle11) - (ce1 * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
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‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * t ^ 3 + be2 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (ce0 * Angle11) ^ 2 * ce0 + t * ce0 * (hp - Y - (ce0 * Angle11) / 2) ^ 2 + 1 / 12 * teff * 
(ce1 * Angle11) ^ 2 * ce1 + teff * ce1 * (hp - Y - (ce0 * Angle11) - (ce1 * Angle11) / 2) ^ 2 + 1 / 12 * t 
* (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * t + ce0 * t + ce1 * teff + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta1) 
Aeff = Aeffsh * (1 - delta1) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program L5 are present in A1 and A5.  
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A14 Program L6 
Program L6 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for local buckling only i.e. including the inhibiting effect of 
sheeting on distortional buckling of the top flange 
• Including the compression lip for all sections  
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the proposed buckling factors obtained from Equation (6.1) for 
the compression flange  
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
 ‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
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bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange using the proposed 
buckling factors obtained from Equation (6.1)  
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If b1 = 60 Then m = 35/60 
If b1 = 70 Then m = 30/70 
If b1 = 80 Then m = 25/80 
If b1 = 90 Then m = 20/90 
x = (4 - 0.43) / m 
If Angle1 < 60 Then Kf = (0.43 + x * c1 / b1) * Angle11 Else Kf = (0.43 + x * c1 / b1) 
If Kf > 4 Then Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be1 = 0.5 * beff 
be2 = 0.5 * beff 
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‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Calculating the position of the neutral axis of the cross-section 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + ceff * t + hp * t + bp2 * t + bpc2 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * t + bpc2 * t + ceff * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * t * 
(hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
304 
 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * t ^ 3 + be2 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + t * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 * t * 
(bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * t + ceff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta1) 
Aeff = Aeffsh * (1 - delta1) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program L7 are present in A1.  
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A15 Program L7 
Program L7 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for local buckling only i.e. including the inhibiting effect of 
sheeting on distortional buckling of the top flange 
• Including the compression lip for all sections  
• Applying the effective width method (clause 4.4 of EN 1993-1-5:2006) 
with the lip-flange interaction formula (clause 5.5.3.2(5) of EN 1993-1-
3:2006) for the outstand compression lip 
• Applying the proposed buckling factors obtained from Equation (6.3) for 
the compression flange  
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
 ‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
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bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange using the proposed 
buckling factors obtained from Equation (6.3)  
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If b1 = 60 Then m = 35/60 
If b1 = 70 Then m = 30/70 
If b1 = 80 Then m = 25/80 
If b1 = 90 Then m = 20/90 
x = (4 - 0.43) / m 
If Angle1 >= 60 Then Kf = 0.43 + x * c1 / b1 
If Angle1 < 60 Then 
xx = 1 - (c1 / b1 - 30 / 70) 
xxx = Angle11 * xx 
If xxx > 1 Then xxx = 1 
Kf = (0.43 + x * c1 / b1) * xxx 
End If 
If Kf > 4 Then Kf = 4 
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Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf = 1 
If rf > 1 Then rf = 1 
beff = rf * bp1 
be1 = 0.5 * beff 
be2 = 0.5 * beff 
‘Calculating the effective width for the compression lip (clause 4.4 of EN 1993-1-
5:2006; clause 5.5.3.2(5) of EN 1993-1-3:2006) 
If (bpc1 / bp1) <= 0.35 Then Kl = 0.5 
If 0.35 < (bpc1 / bp1) Then Kl = 0.5 + 0.83 * (bpc1 / bp1 - 0.35) ^ (2 / 3) 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
ceff = rl * bpc1 
‘Calculating the position of the neutral axis of the cross-section 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + ceff * t * (hp - (ceff * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + ceff * t + hp * t + bp2 * t + bpc2 * t) 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * t + bpc2 * t + ceff * t + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ceff * t * 
(hp - (ceff * Angle11) / 2) + t * (he2 ^ 2) / 2) 
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Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * t ^ 3 + be2 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (ceff * Angle11) ^ 2 * ceff + t * ceff * (hp - (ceff * Angle11) / 2 - Y) ^ 2 + 1 / 12 * t * 
(bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * t + ceff * t + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta1) 
Aeff = Aeffsh * (1 - delta1) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program L7 are present in A1.  
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A16 Program L8 
Program L8 calculates the moment capacity of a cold-formed lipped Z section 
(Figure A.1) taking into account the following considerations: 
• Allowing for local buckling only i.e. including the inhibiting effect of 
sheeting on distortional buckling of the top flange 
• Including the compression lip for all sections  
• Applying the “mixed effective width/effective thickness” method (Annex 
D of EN 1993-1-3:2006) for the outstand compression lip 
• Applying the proposed buckling factors obtained from Equation (6.3) for 
the compression flange  
This program was written in Microsoft Visual Basic as follows: 
 
Private Sub CommandButton1_Click ( ) 
Dim n(0 To 1000) As Double 
 ‘Input data 
fyb = ActiveSheet.Cells(2, 1) 
b1 = ActiveSheet.Cells(2, 2) 
b2 = ActiveSheet.Cells(2, 3) 
t1 = ActiveSheet.Cells(2, 4) 
h = ActiveSheet.Cells(2, 5) 
c1 = ActiveSheet.Cells(2, 6) 
c2 = ActiveSheet.Cells(2, 7) 
E = ActiveSheet.Cells(2, 8) 
r = ActiveSheet.Cells(2, 9) 
Angle1 = ActiveSheet.Cells(2, 10) 
Angle2 = ActiveSheet.Cells(2, 11) 
‘Calculating notional flat widths measured from the midpoint of the corners (Figure 
5.1 of EN1993-1-3:2006) 
rm = r - t1 / 2 
gr1 = rm * (Tan(3.141592654 * (Angle1 / 2) / 180) - Sin(3.141592654 * (Angle1 / 2) / 180)) 
gr2 = rm * (Tan(3.141592654 * (Angle2 / 2) / 180) - Sin(3.141592654 * (Angle2 / 2) / 180)) 
gr3 = rm * (Tan(3.141592654 * (90 / 2) / 180) - Sin(3.141592654 * (90 / 2) / 180)) 
bp11 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr1 - gr3 
bp22 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) - gr2 - gr3 
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hp1 = h - t1 - 2 * gr3 
bpc111 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) - gr1 
bpc22 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) - gr2 
‘Calculating national flat widths measured from the intersection of the midlines  
bp1 = b1 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
bp2 = b2 - t1 / 2 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 
3.141592654 / 180) 
hp = h - t1 
bpc1 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc11 = c1 - r * Tan(Angle1 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle1 / 2 * 3.141592654 / 
180) 
bpc2 = c2 - r * Tan(Angle2 / 2 * 3.141592654 / 180) + (r - t1 / 2) * Tan(Angle2 / 2 * 3.141592654 / 
180) 
‘Calculating the effective widths for the compression flange using the proposed 
buckling factors obtained from Equation (6.3)  
Angle11 = Sin(Angle1 * 3.141592654 / 180) 
ScomEd = fyb 
ee = (235 / fyb) ^ (1 / 2) 
v = 0.3 
t = t1 
If b1 = 60 Then m = 35/60 
If b1 = 70 Then m = 30/70 
If b1 = 80 Then m = 25/80 
If b1 = 90 Then m = 20/90 
x = (4 - 0.43) / m 
If Angle1 >= 60 Then Kf = 0.43 + x * c1 / b1 
If Angle1 < 60 Then 
xx = 1 - (c1 / b1 - 30 / 70) 
xxx = Angle11 * xx 
If xxx > 1 Then xxx = 1 
Kf = (0.43 + x * c1 / b1) * xxx 
End If 
If Kf > 4 Then Kf = 4 
Lpf = (bp1 / t) / (28.4 * ee * (Kf) ^ (1 / 2)) 
If Lpf > 0.673 Then rf = (1 - 0.055 * (3 + 1) / Lpf) / Lpf Else rf = 1 
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If rf > 1 Then rf = 1 
beff = rf * bp1 
be1 = 0.5 * beff 
be2 = 0.5 * beff 
‘Calculating the position of the neutral axis of the cross-section 
Angle22 = Sin(Angle2 * 3.141592654 / 180) 
Y = (hp * t * hp / 2 + be1 * t * hp + be2 * t * hp + bpc1 * t * (hp - (bpc1 * Angle11) / 2) + bpc2 * t * 
(bpc2 * Angle22) / 2) / (be1 * t + be2 * t + bpc1 * t + hp * t + bp2 * t + bpc2 * t) 
‘Calculating the effective width for the compression lip (Annex D of EN 1993-1-
3:2006) 
n(0) = 0 
n(1) = -Y / (hp - Y) 
j = 1 
Do While Abs((n(j) - n(j - 1)) / n(j)) > 0.001 
nl = (hp - Y - bpc1 * Angle11) / (hp - Y) 
Kl = 1.7 / (3 + nl) 
ce0 = 0.42 * bpc1 
Lpl = (bpc1 / t) / (28.4 * ee * (Kl) ^ (1 / 2)) 
If Lpl > 0.748 Then rl = (Lpl - 0.188) / (Lpl ^ 2) Else rl = 1 
If rl > 1 Then rl = 1 
teff = (1.75 * rl - 0.75) * t 
ce1 = bpc1 - ce0 
‘Iterative process for calculating the effective widths for the web (clause 4.4 and 
Table 4.1 of EN 1993-1-5:2006; clause 5.5.2(3) of EN 1993-1-3:2006) 
If n(j) = -1 Then Kw = 23.9 
If n(j) < 0 And n(j) > -1 Then Kw = 7.81 - 6.29 * n(j) + 9.78 * n(j) ^ 2 
If n(j) < -1 And n(j) > -3 Then Kw = 5.98 * (1 - n(j)) ^ 2 
Lpw = (hp / t) / (28.4 * ee * (Kw) ^ (1 / 2)) 
If Lpw > 0.673 Then rw = (Lpw - 0.055 * (3 + n(j))) / (Lpw ^ 2) Else rw = 1 
If rw > 1 Then rw = 1 
hc = hp / (1 - n(j)) 
hceff = rw * hc 
he1 = 0.4 * hceff 
he2 = 0.6 * hceff 
‘Calculating the position of the neutral axis of the cross-section 
a = t / 2 
b = he1 * t + be1 * t + be2 * t + bpc2 * t + ce0 * t + ce1 * teff + bp2 * t 
c = -(he1 * t * (hp - he1 / 2) + be1 * t * hp + be2 * t * hp + bpc2 * t * (bpc2 * Angle22) / 2 + ce0 * t * 
(hp - (ce0 * Angle11) / 2) + ce1 * teff * (hp - (ce0 * Angle11) - (ce1 * Angle11) / 2) + t * (he2 ^ 2) / 2) 
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Y1 = (-b + (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
Y2 = (-b - (b ^ 2 - 4 * a * c) ^ (1 / 2)) / (2 * a) 
If Y1 > 0 Then Y = Y1 Else Y = Y2 
j = j + 1 
n(j) = -Y / (hp - Y) 
Loop 
‘Calculating the effective second moment of area of the cross-section 
I1 = 1 / 12 * bp2 * t ^ 3 + bp2 * t * Y ^ 2 + 1 / 12 * t * Y ^ 3 + t * Y * (Y / 2) ^ 2 
I2 = 1 / 12 * t * he2 ^ 3 + t * he2 * (he2 / 2) ^ 2 + 1 / 12 * t * he1 ^ 3 + t * he1 * (hp - he1 / 2 - Y) ^ 2 
I3 = 1 / 12 * be1 * t ^ 3 + be1 * t * (hp - Y) ^ 2 + 1 / 12 * be2 * t ^ 3 + be2 * t * (hp - Y) ^ 2 
I4 = 1 / 12 * t * (ce0 * Angle11) ^ 2 * ce0 + t * ce0 * (hp - Y - (ce0 * Angle11) / 2) ^ 2 + 1 / 12 * teff * 
(ce1 * Angle11) ^ 2 * ce1 + teff * ce1 * (hp - Y - (ce0 * Angle11) - (ce1 * Angle11) / 2) ^ 2 + 1 / 12 * t 
* (bpc2 * Angle22) ^ 2 * bpc2 + t * bpc2 * (Y - (bpc2 * Angle22) / 2) ^ 2 
Ieffsh = I1 + I2 + I3 + I4 
Aeffsh = be1 * t + be2 * t + ce0 * t + ce1 * teff + bpc2 * t + he1 * t + he2 * t + Y * t + bp2 * t 
‘Allowing for the influence of rounded corners (clause 5.1 of EN 1993-1-3:2006) 
delta1 = 0.43 * ((r - t1) * Angle1 / 90 + (r - t1) * Angle2 / 90 + 2 * (r - t1) * 90 / 90) / (hp + bp1 + bp2 
+ bpc1 + bpc2) 
Ieff = Ieffsh * (1 - 2 * delta1) 
Aeff = Aeffsh * (1 - delta1) 
‘Calculating the effective section modulus 
Weffcom = Ieff / (hp - Y) 
Wefften = Ieff / Y 
‘Calculating the design moment resistance of the cross-section 
Mcrdcom = Weffcom * fyb 
Mcrdten = Wefften * fyb 
If Mcrdcom < Mcrdten Then Mcrd = Mcrdcom Else Mcrd = Mcrdten   
‘Output data 
ActiveSheet.Cells(2, 12) = Mcrd 
End Sub 
 
The definitions for the symbols used in program L8 are present in A1 and A5.  
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B1 Double-member FE models for combined local/distortional 
buckling 
The typical nonlinear ABAQUS input file for double-member FE models used for 
combined local/distortional buckling analyses throughout the present study is as 
follows: 
 
*HEADING          
Lipped Z Section D8.5Z120-4        
Nonlinear Analysis         
Units are in 'N' & 'mm'         
Total beam span  4880 mm        
*RESTART, WRITE        
*************************         
**Specifying beam sections         
*************************         
* NODE, NSET = Section_1_1       
1 , 0 , 0 , 0 
6 , 13.30409884 , -15.96807539 , 0 
10 , 19.06622527 , -18.66725264 , 0 
18 , 68.8503172 , -18.66725264 , 0 
22 , 76.3503172 , -11.16725264 , 0 
34 , 76.3503172 , 184.8327474 , 0 
38 , 83.8503172 , 192.3327474 , 0 
46 , 137.2447845 , 192.3327474 , 0 
50 , 143.3277632 , 189.2199299 , 0 
55 , 154.6727057 , 173.4897792 , 0 
* NGEN, NSET = Section_1_1         
1 , 6 , 1 
10 , 18 , 1 
22 , 34 , 1 
38 , 46 , 1 
50 , 55 , 1  
* NGEN, LINE=C, NSET = Section_1_1       
6,  10, 1, , 19.06622527, -11.16725264, 0 
18,  22, 1, , 68.8503172, -11.16725264, 0 
34,  38, 1, , 83.8503172, 184.8327474, 0 
46,  50, 1, , 137.2447845, 184.8327474, 0   
* NODE, NSET = Section_2_1       
54001 , 0 , 0 , 5490.000001 
54006 , 13.30409884 , -15.96807539 , 5490.000001 
54010 , 19.06622527 , -18.66725264 , 5490.000001 
54018 , 68.8503172 , -18.66725264 , 5490.000001 
54022 , 76.3503172 , -11.16725264 , 5490.000001 
54034 , 76.3503172 , 184.8327474 , 5490.000001 
54038 , 83.8503172 , 192.3327474 , 5490.000001 
54046 , 137.2447845 , 192.3327474 , 5490.000001 
54050 , 143.3277632 , 189.2199299 , 5490.000001 
54055 , 154.6727057 , 173.4897792 , 5490.000001 
* NGEN, NSET = Section_2_1         
54001 , 54006 , 1 
54010 , 54018 , 1 
54022 , 54034 , 1 
54038 , 54046 , 1 
54050 , 54055 , 1 
* NGEN, LINE=C, NSET = Section_2_1       
54006, 54010,  1, , 19.06622527, -11.16725264, 5490.000001 
54018, 54022,  1, , 68.8503172, -11.16725264, 5490.000001 
54034, 54038,  1, , 83.8503172, 184.8327474, 5490.000001 
54046, 54050,  1, , 137.2447845, 184.8327474, 5490.000001 
* NODE, NSET = Section_1_2       
1000001 , -101.2993656 , 0 , 0 
1000006 , -114.6034644 , -15.96807539 , 0 
1000010 , -120.3655909 , -18.66725264 , 0 
1000018 , -170.1496828 , -18.66725264 , 0 
1000022 , -177.6496828 , -11.16725264 , 0 
1000034 , -177.6496828 , 184.8327474 , 0 
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1000038 , -185.1496828 , 192.3327474 , 0 
1000046 , -238.5441501 , 192.3327474 , 0 
1000050 , -244.6271288 , 189.2199299 , 0 
1000055 , -255.9720713 , 173.4897792 , 0 
* NGEN, NSET = Section_1_2         
1000001 , 1000006 , 1 
1000010 , 1000018 , 1 
1000022 , 1000034 , 1 
1000038 , 1000046 , 1 
1000050 , 1000055 , 1  
* NGEN, LINE=C, NSET = Section_1_2       
1000006, 1000010, 1, , -120.3655909, -11.16725264, 0 
1000018, 1000022, 1, , -170.1496828, -11.16725264, 0 
1000034, 1000038, 1, , -185.1496828, 184.8327474, 0 
1000046, 1000050, 1, , -238.5441501, 184.8327474, 0  
* NODE, NSET = Section_2_2       
1054001 , -101.2993656 , 0 , 5490.000001 
1054006 , -114.6034644 , -15.96807539 , 5490.000001 
1054010 , -120.3655909 , -18.66725264 , 5490.000001 
1054018 , -170.1496828 , -18.66725264 , 5490.000001 
1054022 , -177.6496828 , -11.16725264 , 5490.000001 
1054034 , -177.6496828 , 184.8327474 , 5490.000001 
1054038 , -185.1496828 , 192.3327474 , 5490.000001 
1054046 , -238.5441501 , 192.3327474 , 5490.000001 
1054050 , -244.6271288 , 189.2199299 , 5490.000001 
1054055 , -255.9720713 , 173.4897792 , 5490.000001 
* NGEN, NSET = Section_2_2         
1054001 , 1054006 , 1 
1054010 , 1054018 , 1 
1054022 , 1054034 , 1 
1054038 , 1054046 , 1 
1054050 , 1054055 , 1 
* NGEN, LINE=C, NSET = Section_2_2       
1054006, 1054010, 1, , -120.3655909, -11.16725264, 5490.000001 
1054018, 1054022, 1, , -170.1496828, -11.16725264, 5490.000001 
1054034, 1054038, 1, , -185.1496828, 184.8327474, 5490.000001 
1054046, 1054050, 1, , -238.5441501, 184.8327474, 5490.000001 
********************************* 
**Specifying Panel sections 
********************************* 
* NODE, NSET = Panel_Section_1       
100001 , -255.9720713 , 192.3327474 , 0 
100005 , -238.5441501 , 192.3327474 , 0 
100013 , -185.1496828 , 192.3327474 , 0 
100023 , 83.8503172 , 192.3327474 , 0 
100031 , 137.2447845 , 192.3327474 , 0 
100035 , 154.6727057 , 192.3327474 , 0 
* NGEN, NSET = Panel_Section_1       
100001 , 100005 , 1   
100005 , 100013 , 1   
100013 , 100023 , 1   
100023 , 100031 , 1   
100031 , 100035 , 1   
* NODE, NSET = Panel_Section_2       
119001 , -255.9720713 , 192.3327474 , 1931.666667 
119005 , -238.5441501 , 192.3327474 , 1931.666667 
119013 , -185.1496828 , 192.3327474 , 1931.666667 
119023 , 83.8503172 , 192.3327474 , 1931.666667 
119031 , 137.2447845 , 192.3327474 , 1931.666667 
119035 , 154.6727057 , 192.3327474 , 1931.666667 
* NGEN, NSET = Panel_Section_2       
119001 , 119005 , 1   
119005 , 119013 , 1   
119013 , 119023 , 1   
119023 , 119031 , 1   
119031 , 119035 , 1   
* NODE, NSET = Panel_Section_3       
135001 , -255.9720713 , 192.3327474 , 3558.333334 
135005 , -238.5441501 , 192.3327474 , 3558.333334 
135013 , -185.1496828 , 192.3327474 , 3558.333334 
135023 , 83.8503172 , 192.3327474 , 3558.333334 
135031 , 137.2447845 , 192.3327474 , 3558.333334 
135035 , 154.6727057 , 192.3327474 , 3558.333334 
* NGEN, NSET = Panel_Section_3       
135001 , 135005 , 1   
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135005 , 135013 , 1   
135013 , 135023 , 1   
135023 , 135031 , 1   
135031 , 135035 , 1   
* NODE, NSET = Panel_Section_4       
154001 , -255.9720713 , 192.3327474 , 5490.000001 
154005 , -238.5441501 , 192.3327474 , 5490.000001 
154013 , -185.1496828 , 192.3327474 , 5490.000001 
154023 , 83.8503172 , 192.3327474 , 5490.000001 
154031 , 137.2447845 , 192.3327474 , 5490.000001 
154035 , 154.6727057 , 192.3327474 , 5490.000001 
* NGEN, NSET = Panel_Section_4       
154001 , 154005 , 1   
154005 , 154013 , 1   
154013 , 154023 , 1   
154023 , 154031 , 1   
154031 , 154035 , 1   
********************************* 
**Specifying Tube sections 
********************************* 
* NODE, NSET = Tube_Section_1       
200001 , -177.6496828 , 21.49941403 , 223.6666668 
200002 , -177.6496828 , 21.49941403 , 233.8333334 
200003 , -177.6496828 , 21.49941403 , 244.0000001 
200004 , -177.6496828 , 21.49941403 , 254.1666668 
200005 , -177.6496828 , 21.49941403 , 264.3333334 
200006 , -177.6496828 , 21.49941403 , 274.5000001 
200007 , -177.6496828 , 21.49941403 , 284.6666668 
200008 , -177.6496828 , 21.49941403 , 294.8333334 
200009 , -177.6496828 , 21.49941403 , 305.0000001 
200010 , -177.6496828 , 21.49941403 , 315.1666668 
200011 , -177.6496828 , 21.49941403 , 325.3333334 
200012 , -177.6496828 , 21.49941403 , 335.5000001 
200013 , -177.6496828 , 21.49941403 , 345.6666668 
200014 , -177.6496828 , 21.49941403 , 355.8333334 
200015 , -177.6496828 , 21.49941403 , 366.0000001 
200016 , -177.6496828 , 21.49941403 , 376.1666668 
200017 , -177.6496828 , 21.49941403 , 386.3333335 
200025 , 76.3503172 , 21.49941403 , 386.3333335 
200026 , 76.3503172 , 21.49941403 , 376.1666668 
200027 , 76.3503172 , 21.49941403 , 366.0000001 
200028 , 76.3503172 , 21.49941403 , 355.8333334 
200029 , 76.3503172 , 21.49941403 , 345.6666668 
200030 , 76.3503172 , 21.49941403 , 335.5000001 
200031 , 76.3503172 , 21.49941403 , 325.3333334 
200032 , 76.3503172 , 21.49941403 , 315.1666668 
200033 , 76.3503172 , 21.49941403 , 305.0000001 
200034 , 76.3503172 , 21.49941403 , 294.8333334 
200035 , 76.3503172 , 21.49941403 , 284.6666668 
200036 , 76.3503172 , 21.49941403 , 274.5000001 
200037 , 76.3503172 , 21.49941403 , 264.3333334 
200038 , 76.3503172 , 21.49941403 , 254.1666668 
200039 , 76.3503172 , 21.49941403 , 244.0000001 
200040 , 76.3503172 , 21.49941403 , 233.8333334 
200041 , 76.3503172 , 21.49941403 , 223.6666668 
200048 , -145.8996828 , 21.49941403 , 223.6666668 
* NGEN, NSET = Tube_Section_1       
200017 , 200025 , 1   
200041 , 200048 , 1   
* NODE, NSET = Tube_Section_2       
201001 , -177.6496828 , 184.8327474 , 223.6666668 
201002 , -177.6496828 , 184.8327474 , 233.8333334 
201003 , -177.6496828 , 184.8327474 , 244.0000001 
201004 , -177.6496828 , 184.8327474 , 254.1666668 
201005 , -177.6496828 , 184.8327474 , 264.3333334 
201006 , -177.6496828 , 184.8327474 , 274.5000001 
201007 , -177.6496828 , 184.8327474 , 284.6666668 
201008 , -177.6496828 , 184.8327474 , 294.8333334 
201009 , -177.6496828 , 184.8327474 , 305.0000001 
201010 , -177.6496828 , 184.8327474 , 315.1666668 
201011 , -177.6496828 , 184.8327474 , 325.3333334 
201012 , -177.6496828 , 184.8327474 , 335.5000001 
201013 , -177.6496828 , 184.8327474 , 345.6666668 
201014 , -177.6496828 , 184.8327474 , 355.8333334 
201015 , -177.6496828 , 184.8327474 , 366.0000001 
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201016 , -177.6496828 , 184.8327474 , 376.1666668 
201017 , -177.6496828 , 184.8327474 , 386.3333335 
201025 , 76.3503172 , 184.8327474 , 386.3333335 
201026 , 76.3503172 , 184.8327474 , 376.1666668 
201027 , 76.3503172 , 184.8327474 , 366.0000001 
201028 , 76.3503172 , 184.8327474 , 355.8333334 
201029 , 76.3503172 , 184.8327474 , 345.6666668 
201030 , 76.3503172 , 184.8327474 , 335.5000001 
201031 , 76.3503172 , 184.8327474 , 325.3333334 
201032 , 76.3503172 , 184.8327474 , 315.1666668 
201033 , 76.3503172 , 184.8327474 , 305.0000001 
201034 , 76.3503172 , 184.8327474 , 294.8333334 
201035 , 76.3503172 , 184.8327474 , 284.6666668 
201036 , 76.3503172 , 184.8327474 , 274.5000001 
201037 , 76.3503172 , 184.8327474 , 264.3333334 
201038 , 76.3503172 , 184.8327474 , 254.1666668 
201039 , 76.3503172 , 184.8327474 , 244.0000001 
201040 , 76.3503172 , 184.8327474 , 233.8333334 
201041 , 76.3503172 , 184.8327474 , 223.6666668 
201048 , -145.8996828 , 184.8327474 , 223.6666668 
* NGEN, NSET = Tube_Section_2       
201017 , 201025 , 1   
201041 , 201048 , 1   
* NODE, NSET = Tube_Section_3       
202001 , -177.6496828 , 21.49941403 , 1850.333334 
202002 , -177.6496828 , 21.49941403 , 1860.5 
202003 , -177.6496828 , 21.49941403 , 1870.666667 
202004 , -177.6496828 , 21.49941403 , 1880.833334 
202005 , -177.6496828 , 21.49941403 , 1891 
202006 , -177.6496828 , 21.49941403 , 1901.166667 
202007 , -177.6496828 , 21.49941403 , 1911.333334 
202008 , -177.6496828 , 21.49941403 , 1921.5 
202009 , -177.6496828 , 21.49941403 , 1931.666667 
202010 , -177.6496828 , 21.49941403 , 1941.833334 
202011 , -177.6496828 , 21.49941403 , 1952 
202012 , -177.6496828 , 21.49941403 , 1962.166667 
202013 , -177.6496828 , 21.49941403 , 1972.333334 
202014 , -177.6496828 , 21.49941403 , 1982.5 
202015 , -177.6496828 , 21.49941403 , 1992.666667 
202016 , -177.6496828 , 21.49941403 , 2002.833334 
202017 , -177.6496828 , 21.49941403 , 2013 
202025 , 76.3503172 , 21.49941403 , 2013 
202026 , 76.3503172 , 21.49941403 , 2002.833334 
202027 , 76.3503172 , 21.49941403 , 1992.666667 
202028 , 76.3503172 , 21.49941403 , 1982.5 
202029 , 76.3503172 , 21.49941403 , 1972.333334 
202030 , 76.3503172 , 21.49941403 , 1962.166667 
202031 , 76.3503172 , 21.49941403 , 1952 
202032 , 76.3503172 , 21.49941403 , 1941.833334 
202033 , 76.3503172 , 21.49941403 , 1931.666667 
202034 , 76.3503172 , 21.49941403 , 1921.5 
202035 , 76.3503172 , 21.49941403 , 1911.333334 
202036 , 76.3503172 , 21.49941403 , 1901.166667 
202037 , 76.3503172 , 21.49941403 , 1891 
202038 , 76.3503172 , 21.49941403 , 1880.833334 
202039 , 76.3503172 , 21.49941403 , 1870.666667 
202040 , 76.3503172 , 21.49941403 , 1860.5 
202041 , 76.3503172 , 21.49941403 , 1850.333334 
202048 , -145.8996828 , 21.49941403 , 1850.333334 
* NGEN, NSET = Tube_Section_3       
202017 , 202025 , 1   
202041 , 202048 , 1   
* NODE, NSET = Tube_Section_4       
203001 , -177.6496828 , 184.8327474 , 1850.333334 
203002 , -177.6496828 , 184.8327474 , 1860.5 
203003 , -177.6496828 , 184.8327474 , 1870.666667 
203004 , -177.6496828 , 184.8327474 , 1880.833334 
203005 , -177.6496828 , 184.8327474 , 1891 
203006 , -177.6496828 , 184.8327474 , 1901.166667 
203007 , -177.6496828 , 184.8327474 , 1911.333334 
203008 , -177.6496828 , 184.8327474 , 1921.5 
203009 , -177.6496828 , 184.8327474 , 1931.666667 
203010 , -177.6496828 , 184.8327474 , 1941.833334 
203011 , -177.6496828 , 184.8327474 , 1952 
203012 , -177.6496828 , 184.8327474 , 1962.166667 
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203013 , -177.6496828 , 184.8327474 , 1972.333334 
203014 , -177.6496828 , 184.8327474 , 1982.5 
203015 , -177.6496828 , 184.8327474 , 1992.666667 
203016 , -177.6496828 , 184.8327474 , 2002.833334 
203017 , -177.6496828 , 184.8327474 , 2013 
203025 , 76.3503172 , 184.8327474 , 2013 
203026 , 76.3503172 , 184.8327474 , 2002.833334 
203027 , 76.3503172 , 184.8327474 , 1992.666667 
203028 , 76.3503172 , 184.8327474 , 1982.5 
203029 , 76.3503172 , 184.8327474 , 1972.333334 
203030 , 76.3503172 , 184.8327474 , 1962.166667 
203031 , 76.3503172 , 184.8327474 , 1952 
203032 , 76.3503172 , 184.8327474 , 1941.833334 
203033 , 76.3503172 , 184.8327474 , 1931.666667 
203034 , 76.3503172 , 184.8327474 , 1921.5 
203035 , 76.3503172 , 184.8327474 , 1911.333334 
203036 , 76.3503172 , 184.8327474 , 1901.166667 
203037 , 76.3503172 , 184.8327474 , 1891 
203038 , 76.3503172 , 184.8327474 , 1880.833334 
203039 , 76.3503172 , 184.8327474 , 1870.666667 
203040 , 76.3503172 , 184.8327474 , 1860.5 
203041 , 76.3503172 , 184.8327474 , 1850.333334 
203048 , -145.8996828 , 184.8327474 , 1850.333334 
* NGEN, NSET = Tube_Section_4       
203017 , 203025 , 1   
203041 , 203048 , 1   
* NODE, NSET = Tube_Section_5       
204001 , -177.6496828 , 21.49941403 , 3477.000001 
204002 , -177.6496828 , 21.49941403 , 3487.166667 
204003 , -177.6496828 , 21.49941403 , 3497.333334 
204004 , -177.6496828 , 21.49941403 , 3507.500001 
204005 , -177.6496828 , 21.49941403 , 3517.666667 
204006 , -177.6496828 , 21.49941403 , 3527.833334 
204007 , -177.6496828 , 21.49941403 , 3538.000001 
204008 , -177.6496828 , 21.49941403 , 3548.166667 
204009 , -177.6496828 , 21.49941403 , 3558.333334 
204010 , -177.6496828 , 21.49941403 , 3568.500001 
204011 , -177.6496828 , 21.49941403 , 3578.666667 
204012 , -177.6496828 , 21.49941403 , 3588.833334 
204013 , -177.6496828 , 21.49941403 , 3599.000001 
204014 , -177.6496828 , 21.49941403 , 3609.166667 
204015 , -177.6496828 , 21.49941403 , 3619.333334 
204016 , -177.6496828 , 21.49941403 , 3629.500001 
204017 , -177.6496828 , 21.49941403 , 3639.666667 
204025 , 76.3503172 , 21.49941403 , 3639.666667 
204026 , 76.3503172 , 21.49941403 , 3629.500001 
204027 , 76.3503172 , 21.49941403 , 3619.333334 
204028 , 76.3503172 , 21.49941403 , 3609.166667 
204029 , 76.3503172 , 21.49941403 , 3599.000001 
204030 , 76.3503172 , 21.49941403 , 3588.833334 
204031 , 76.3503172 , 21.49941403 , 3578.666667 
204032 , 76.3503172 , 21.49941403 , 3568.500001 
204033 , 76.3503172 , 21.49941403 , 3558.333334 
204034 , 76.3503172 , 21.49941403 , 3548.166667 
204035 , 76.3503172 , 21.49941403 , 3538.000001 
204036 , 76.3503172 , 21.49941403 , 3527.833334 
204037 , 76.3503172 , 21.49941403 , 3517.666667 
204038 , 76.3503172 , 21.49941403 , 3507.500001 
204039 , 76.3503172 , 21.49941403 , 3497.333334 
204040 , 76.3503172 , 21.49941403 , 3487.166667 
204041 , 76.3503172 , 21.49941403 , 3477.000001 
204048 , -145.8996828 , 21.49941403 , 3477.000001 
* NGEN, NSET = Tube_Section_5       
204017 , 204025 , 1   
204041 , 204048 , 1   
* NODE, NSET = Tube_Section_6       
205001 , -177.6496828 , 184.8327474 , 3477.000001 
205002 , -177.6496828 , 184.8327474 , 3487.166667 
205003 , -177.6496828 , 184.8327474 , 3497.333334 
205004 , -177.6496828 , 184.8327474 , 3507.500001 
205005 , -177.6496828 , 184.8327474 , 3517.666667 
205006 , -177.6496828 , 184.8327474 , 3527.833334 
205007 , -177.6496828 , 184.8327474 , 3538.000001 
205008 , -177.6496828 , 184.8327474 , 3548.166667 
205009 , -177.6496828 , 184.8327474 , 3558.333334 
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205010 , -177.6496828 , 184.8327474 , 3568.500001 
205011 , -177.6496828 , 184.8327474 , 3578.666667 
205012 , -177.6496828 , 184.8327474 , 3588.833334 
205013 , -177.6496828 , 184.8327474 , 3599.000001 
205014 , -177.6496828 , 184.8327474 , 3609.166667 
205015 , -177.6496828 , 184.8327474 , 3619.333334 
205016 , -177.6496828 , 184.8327474 , 3629.500001 
205017 , -177.6496828 , 184.8327474 , 3639.666667 
205025 , 76.3503172 , 184.8327474 , 3639.666667 
205026 , 76.3503172 , 184.8327474 , 3629.500001 
205027 , 76.3503172 , 184.8327474 , 3619.333334 
205028 , 76.3503172 , 184.8327474 , 3609.166667 
205029 , 76.3503172 , 184.8327474 , 3599.000001 
205030 , 76.3503172 , 184.8327474 , 3588.833334 
205031 , 76.3503172 , 184.8327474 , 3578.666667 
205032 , 76.3503172 , 184.8327474 , 3568.500001 
205033 , 76.3503172 , 184.8327474 , 3558.333334 
205034 , 76.3503172 , 184.8327474 , 3548.166667 
205035 , 76.3503172 , 184.8327474 , 3538.000001 
205036 , 76.3503172 , 184.8327474 , 3527.833334 
205037 , 76.3503172 , 184.8327474 , 3517.666667 
205038 , 76.3503172 , 184.8327474 , 3507.500001 
205039 , 76.3503172 , 184.8327474 , 3497.333334 
205040 , 76.3503172 , 184.8327474 , 3487.166667 
205041 , 76.3503172 , 184.8327474 , 3477.000001 
205048 , -145.8996828 , 184.8327474 , 3477.000001 
* NGEN, NSET = Tube_Section_6       
205017 , 205025 , 1   
205041 , 205048 , 1   
* NODE, NSET = Tube_Section_7       
206001 , -177.6496828 , 21.49941403 , 5103.666668 
206002 , -177.6496828 , 21.49941403 , 5113.833334 
206003 , -177.6496828 , 21.49941403 , 5124.000001 
206004 , -177.6496828 , 21.49941403 , 5134.166668 
206005 , -177.6496828 , 21.49941403 , 5144.333334 
206006 , -177.6496828 , 21.49941403 , 5154.500001 
206007 , -177.6496828 , 21.49941403 , 5164.666668 
206008 , -177.6496828 , 21.49941403 , 5174.833334 
206009 , -177.6496828 , 21.49941403 , 5185.000001 
206010 , -177.6496828 , 21.49941403 , 5195.166668 
206011 , -177.6496828 , 21.49941403 , 5205.333334 
206012 , -177.6496828 , 21.49941403 , 5215.500001 
206013 , -177.6496828 , 21.49941403 , 5225.666668 
206014 , -177.6496828 , 21.49941403 , 5235.833334 
206015 , -177.6496828 , 21.49941403 , 5246.000001 
206016 , -177.6496828 , 21.49941403 , 5256.166668 
206017 , -177.6496828 , 21.49941403 , 5266.333334 
206025 , 76.3503172 , 21.49941403 , 5266.333334 
206026 , 76.3503172 , 21.49941403 , 5256.166668 
206027 , 76.3503172 , 21.49941403 , 5246.000001 
206028 , 76.3503172 , 21.49941403 , 5235.833334 
206029 , 76.3503172 , 21.49941403 , 5225.666668 
206030 , 76.3503172 , 21.49941403 , 5215.500001 
206031 , 76.3503172 , 21.49941403 , 5205.333334 
206032 , 76.3503172 , 21.49941403 , 5195.166668 
206033 , 76.3503172 , 21.49941403 , 5185.000001 
206034 , 76.3503172 , 21.49941403 , 5174.833334 
206035 , 76.3503172 , 21.49941403 , 5164.666668 
206036 , 76.3503172 , 21.49941403 , 5154.500001 
206037 , 76.3503172 , 21.49941403 , 5144.333334 
206038 , 76.3503172 , 21.49941403 , 5134.166668 
206039 , 76.3503172 , 21.49941403 , 5124.000001 
206040 , 76.3503172 , 21.49941403 , 5113.833334 
206041 , 76.3503172 , 21.49941403 , 5103.666668 
206048 , -145.8996828 , 21.49941403 , 5103.666668 
* NGEN, NSET = Tube_Section_7       
206017 , 206025 , 1   
206041 , 206048 , 1   
* NODE, NSET = Tube_Section_8       
207001 , -177.6496828 , 184.8327474 , 5103.666668 
207002 , -177.6496828 , 184.8327474 , 5113.833334 
207003 , -177.6496828 , 184.8327474 , 5124.000001 
207004 , -177.6496828 , 184.8327474 , 5134.166668 
207005 , -177.6496828 , 184.8327474 , 5144.333334 
207006 , -177.6496828 , 184.8327474 , 5154.500001 
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207007 , -177.6496828 , 184.8327474 , 5164.666668 
207008 , -177.6496828 , 184.8327474 , 5174.833334 
207009 , -177.6496828 , 184.8327474 , 5185.000001 
207010 , -177.6496828 , 184.8327474 , 5195.166668 
207011 , -177.6496828 , 184.8327474 , 5205.333334 
207012 , -177.6496828 , 184.8327474 , 5215.500001 
207013 , -177.6496828 , 184.8327474 , 5225.666668 
207014 , -177.6496828 , 184.8327474 , 5235.833334 
207015 , -177.6496828 , 184.8327474 , 5246.000001 
207016 , -177.6496828 , 184.8327474 , 5256.166668 
207017 , -177.6496828 , 184.8327474 , 5266.333334 
207025 , 76.3503172 , 184.8327474 , 5266.333334 
207026 , 76.3503172 , 184.8327474 , 5256.166668 
207027 , 76.3503172 , 184.8327474 , 5246.000001 
207028 , 76.3503172 , 184.8327474 , 5235.833334 
207029 , 76.3503172 , 184.8327474 , 5225.666668 
207030 , 76.3503172 , 184.8327474 , 5215.500001 
207031 , 76.3503172 , 184.8327474 , 5205.333334 
207032 , 76.3503172 , 184.8327474 , 5195.166668 
207033 , 76.3503172 , 184.8327474 , 5185.000001 
207034 , 76.3503172 , 184.8327474 , 5174.833334 
207035 , 76.3503172 , 184.8327474 , 5164.666668 
207036 , 76.3503172 , 184.8327474 , 5154.500001 
207037 , 76.3503172 , 184.8327474 , 5144.333334 
207038 , 76.3503172 , 184.8327474 , 5134.166668 
207039 , 76.3503172 , 184.8327474 , 5124.000001 
207040 , 76.3503172 , 184.8327474 , 5113.833334 
207041 , 76.3503172 , 184.8327474 , 5103.666668 
207048 , -145.8996828 , 184.8327474 , 5103.666668 
* NGEN, NSET = Tube_Section_8       
207017 , 207025 , 1   
207041 , 207048 , 1   
********************************* 
**Specifying Plate sections 
********************************* 
* NODE, NSET = Plate_Section_1_1        
60018 , 68.8503172 , -18.66725264 , 223.6666668  
60022 , 76.3503172 , -11.16725264 , 223.6666668  
* NGEN, LINE=C, NSET = Plate_Section_1_1       
60018, 60022,  1, , 68.8503172, -11.16725264, 223.6666668 
* NODE, NSET = Plate_Section_2_1        
61618 , 68.8503172 , -18.66725264 , 386.3333335  
61622 , 76.3503172 , -11.16725264 , 386.3333335  
* NGEN, LINE=C, NSET = Plate_Section_2_1       
61618, 61622,  1, , 68.8503172, -11.16725264, 386.3333335 
* NODE, NSET = Plate_Section_3_1        
80018 , 68.8503172 , -18.66725264 , 5103.666668  
80022 , 76.3503172 , -11.16725264 , 5103.666668  
* NGEN, LINE=C, NSET = Plate_Section_3_1       
80018, 80022,  1, , 68.8503172, -11.16725264, 5103.666668 
* NODE, NSET = Plate_Section_4_1        
81618 , 68.8503172 , -18.66725264 , 5266.333334  
81622 , 76.3503172 , -11.16725264 , 5266.333334  
* NGEN, LINE=C, NSET = Plate_Section_4_1       
81618, 81622,  1, , 68.8503172, -11.16725264, 5266.333334 
* NODE, NSET = Plate_Section_1_2        
1060018 , -170.1496828 , -18.66725264 , 223.6666668  
1060022 , -177.6496828 , -11.16725264 , 223.6666668  
* NGEN, LINE=C, NSET = Plate_Section_1_2       
1060018, 1060022, 1, , -170.1496828, -11.16725264, 223.6666668 
* NODE, NSET = Plate_Section_2_2        
1061618 , -170.1496828 , -18.66725264 , 386.3333335  
1061622 , -177.6496828 , -11.16725264 , 386.3333335  
* NGEN, LINE=C, NSET = Plate_Section_2_2       
1061618, 1061622, 1, , -170.1496828, -11.16725264, 386.3333335 
* NODE, NSET = Plate_Section_3_2        
1080018 , -170.1496828 , -18.66725264 , 5103.666668  
1080022 , -177.6496828 , -11.16725264 , 5103.666668  
* NGEN, LINE=C, NSET = Plate_Section_3_2       
1080018, 1080022, 1, , -170.1496828, -11.16725264, 5103.666668 
* NODE, NSET = Plate_Section_4_2        
1081618 , -170.1496828 , -18.66725264 , 5266.333334  
1081622 , -177.6496828 , -11.16725264 , 5266.333334  
* NGEN, LINE=C, NSET = Plate_Section_4_2       
1081618, 1081622, 1, , -170.1496828, -11.16725264, 5266.333334 
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*********************************        
**Generation of nodes along the length      
**********************************       
* NFILL            
Section_1_1 ,  Section_2_1  ,  540 ,  100    
* NFILL            
Section_1_2 ,  Section_2_2  ,  540 ,  100    
* NFILL            
Panel_Section_1 ,  Panel_Section_2  ,  190  ,  100   
* NFILL            
Panel_Section_3 ,  Panel_Section_4 ,  190  ,  100  
* NFILL            
Tube_Section_1 ,  Tube_Section_2 ,  10  ,  100 
* NFILL            
Tube_Section_3 ,  Tube_Section_4 ,  10  ,  100 
* NFILL            
Tube_Section_5 ,  Tube_Section_6 ,  10  ,  100  
* NFILL            
Tube_Section_7 ,  Tube_Section_8 ,  10  ,  100 
* NFILL            
Plate_Section_1_1 ,  Plate_Section_2_1 ,  16  ,  100 
* NFILL            
Plate_Section_3_1 ,  Plate_Section_4_1 ,  16  ,  100 
* NFILL            
Plate_Section_1_2 ,  Plate_Section_2_2 ,  16  ,  100 
*NFILL            
Plate_Section_3_2 ,  Plate_Section_4_2 ,  16  ,  100 
***************************************** 
**Nod sets for Panel_to_Beam tie  
***********************************       
*NSET, NSET = Panel_to_Purlin_1 
100509 
102509 
103509 
105509 
106509 
108509 
109509 
111509 
112509 
114509 
115509 
117509 
118509 
100527 
102527 
103527 
105527 
106527 
108527 
109527 
111527 
112527 
114527 
115527 
117527 
118527 
*NSET, NSET = Panel_to_Purlin_2 
135509 
136509 
138509 
139509 
141509 
142509 
144509 
145509 
147509 
148509 
150509 
151509 
153509 
135527 
136527 
138527 
139527 
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141527 
142527 
144527 
145527 
147527 
148527 
150527 
151527 
153527 
***************************************** 
**Nod sets for Tube_to_Beam tie  
*****************************************      
*NSET, NSET = Tube_1_to_Purlin_1 
200229 
200237 
200837 
200829 
*NSET, NSET = Tube_1_to_Purlin_2 
200205 
200213 
200805 
200813  
*NSET, NSET = Tube_2_to_Purlin_1 
202229 
202237 
202837 
202829 
*NSET, NSET = Tube_2_to_Purlin_2 
202205 
202213 
202813 
202805  
*NSET, NSET = Tube_3_to_Purlin_1 
204229 
204237 
204837 
204829 
*NSET, NSET = Tube_3_to_Purlin_2 
204205 
204213 
204813 
204805 
*NSET, NSET = Tube_4_to_Purlin_1  
206229 
206237 
206837 
206829 
*NSET, NSET = Tube_4_to_Purlin_2 
206205 
206213  
206805 
206813           
***************************************** 
**Nod sets for output history 
***************************************** 
*NSET, NSET = Loading 
203009  
203033   
205009  
205033           
***************************************** 
*NSET, NSET = deflection 
19034           
****************************************      
**initial imperfections obtained from CUFSM and scaled to 50% CDF values       
*imperfection,input=D8.5Z120-4_50%.inp 
*****************************************      
**Element type and Generation of elements_Beam 1      
*****************************************      
*ELEMENT, TYPE = S4R         
1 ,  2 ,  1 ,  101 ,  102     
*ELGEN           
1 ,  54 ,  1 ,  1 ,  540 ,  100,  54,  1   
*****************************************      
**Element type and Generation of elements_Beam 2      
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*****************************************      
*ELEMENT, TYPE = S4R         
29161 ,  1000002 ,  1000001 ,  1000101 ,  1000102    
*ELGEN           
29161 ,  54 ,  1 ,  1 ,  540 ,  100,  54,  1   
*****************************************      
**Element type and Generation of elements_Panels     
***************************************** 
*ELEMENT, TYPE = S4R         
58321,  100002 ,  100001,  100101,  100102    
*ELGEN           
58321,  34,  1 ,  1 ,  190 ,  100,  34 ,  1 
*ELEMENT, TYPE = S4R         
64781 ,  135002 ,  135001 ,  135101  ,  135102    
*ELGEN           
64781,  34 ,  1 ,  1 ,  190 ,  100,  34,  1 
*****************************************      
**Element type and Generation of elements_Tubes      
***************************************** 
*ELEMENT, TYPE = S4R         
71241,  200002 ,  200001,  200101,  200102     
*ELGEN           
71241,  47 ,  1 ,  1 ,  10 ,  100,  47,  1 
*ELEMENT, TYPE = S4R  
71711 , 200001 , 200048 , 200148 , 200101 
71712 , 200101 , 200148 , 200248 , 200201 
71713 , 200201 , 200248 , 200348 , 200301 
71714 , 200301 , 200348 , 200448 , 200401 
71715 , 200401 , 200448 , 200548 , 200501 
71716 , 200501 , 200548 , 200648 , 200601 
71717 , 200601 , 200648 , 200748 , 200701 
71718 , 200701 , 200748 , 200848 , 200801 
71719 , 200801 , 200848 , 200948 , 200901 
71720 , 200901 , 200948 , 201048 , 201001 
*ELEMENT, TYPE = S4R         
71721,  202002,  202001,  202101,  202102    
*ELGEN           
71721,  47,  1,  1,  10,  100,  47,  1 
*ELEMENT, TYPE = S4R 
72191 , 202001 , 202048 , 202148 , 202101 
72192 , 202101 , 202148 , 202248 , 202201 
72193 , 202201 , 202248 , 202348 , 202301 
72194 , 202301 , 202348 , 202448 , 202401 
72195 , 202401 , 202448 , 202548 , 202501 
72196 , 202501 , 202548 , 202648 , 202601 
72197 , 202601 , 202648 , 202748 , 202701 
72198 , 202701 , 202748 , 202848 , 202801 
72199 , 202801 , 202848 , 202948 , 202901 
72200 , 202901 , 202948 , 203048 , 203001 
*ELEMENT, TYPE = S4R         
72201,  204002,  204001,  204101,  204102    
*ELGEN           
72201,  47,  1,  1,  10,  100,  47,  1 
*ELEMENT, TYPE = S4R 
72671 , 204001 , 204048 , 204148 , 204101 
72672 , 204101 , 204148 , 204248 , 204201 
72673 , 204201 , 204248 , 204348 , 204301 
72674 , 204301 , 204348 , 204448 , 204401 
72675 , 204401 , 204448 , 204548 , 204501 
72676 , 204501 , 204548 , 204648 , 204601 
72677 , 204601 , 204648 , 204748 , 204701 
72678 , 204701 , 204748 , 204848 , 204801 
72679 , 204801 , 204848 , 204948 , 204901 
72680 , 204901 , 204948 , 205048 , 205001 
*ELEMENT, TYPE = S4R         
72681,  206002,  206001,  206101,  206102    
*ELGEN           
72681,  47,  1,  1,  10,  100,  47,  1 
*ELEMENT, TYPE = S4R 
73151 , 206001 , 206048 , 206148 , 206101 
73152 , 206101 , 206148 , 206248 , 206201 
73153 , 206201 , 206248 , 206348 , 206301 
73154 , 206301 , 206348 , 206448 , 206401 
73155 , 206401 , 206448 , 206548 , 206501 
73156 , 206501 , 206548 , 206648 , 206601 
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73157 , 206601 , 206648 , 206748 , 206701 
73158 , 206701 , 206748 , 206848 , 206801 
73159 , 206801 , 206848 , 206948 , 206901 
73160 , 206901 , 206948 , 207048 , 207001 
*****************************************      
**Element type and Generation of elements_Plates      
***************************************** 
*ELEMENT, TYPE = S4R         
73161,  60019,  60018,  60118,  60119    
*ELGEN           
73161,  4,  1,  1,  16,  100,  4,  1 
*ELEMENT, TYPE = S4R         
73225,  80019,  80018,  80118,  80119    
*ELGEN           
73225,  4,  1,  1,  16,  100,  4,  1 
*ELEMENT, TYPE = S4R         
73289,  1060019,  1060018 ,  1060118,  1060119    
*ELGEN           
73289,  4,  1,  1,  16,  100,  4,  1 
*ELEMENT, TYPE = S4R         
73353,  1080019,  1080018,  1080118,  1080119    
*ELGEN           
73353,  4,  1,  1,  16,  100,  4,  1 
*****************************************      
**Element sets_Beams         
***************************************** 
*ELSET, ELSET = Beam_1, GENERATE 
1 , 29107 , 54 
2 , 29108 , 54 
3 , 29109 , 54 
4 , 29110 , 54 
5 , 29111 , 54 
6 , 29112 , 54 
7 , 29113 , 54 
8 , 29114 , 54 
9 , 29115 , 54 
10 , 29116 , 54 
11 , 29117 , 54 
12 , 29118 , 54 
13 , 29119 , 54 
14 , 29120 , 54 
15 , 29121 , 54 
16 , 29122 , 54 
17 , 29123 , 54 
18 , 29124 , 54 
19 , 29125 , 54 
20 , 29126 , 54 
21 , 29127 , 54 
22 , 29128 , 54 
23 , 29129 , 54 
24 , 29130 , 54 
25 , 29131 , 54 
26 , 29132 , 54 
27 , 29133 , 54 
28 , 29134 , 54 
29 , 29135 , 54 
30 , 29136 , 54 
31 , 29137 , 54 
32 , 29138 , 54 
33 , 29139 , 54 
34 , 29140 , 54 
35 , 29141 , 54 
36 , 29142 , 54 
37 , 29143 , 54 
38 , 29144 , 54 
39 , 29145 , 54 
40 , 29146 , 54 
41 , 29147 , 54 
42 , 29148 , 54 
43 , 29149 , 54 
44 , 29150 , 54 
45 , 29151 , 54 
46 , 29152 , 54 
47 , 29153 , 54 
48 , 29154 , 54 
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49 , 29155 , 54 
50 , 29156 , 54 
51 , 29157 , 54 
52 , 29158 , 54 
53 , 29159 , 54 
54 , 29160 , 54 
*ELSET, ELSET = Beam_2, GENERATE 
29161 , 58267 , 54 
29162 , 58268 , 54 
29163 , 58269 , 54 
29164 , 58270 , 54 
29165 , 58271 , 54 
29166 , 58272 , 54 
29167 , 58273 , 54 
29168 , 58274 , 54 
29169 , 58275 , 54 
29170 , 58276 , 54 
29171 , 58277 , 54 
29172 , 58278 , 54 
29173 , 58279 , 54 
29174 , 58280 , 54 
29175 , 58281 , 54 
29176 , 58282 , 54 
29177 , 58283 , 54 
29178 , 58284 , 54 
29179 , 58285 , 54 
29180 , 58286 , 54 
29181 , 58287 , 54 
29182 , 58288 , 54 
29183 , 58289 , 54 
29184 , 58290 , 54 
29185 , 58291 , 54 
29186 , 58292 , 54 
29187 , 58293 , 54 
29188 , 58294 , 54 
29189 , 58295 , 54 
29190 , 58296 , 54 
29191 , 58297 , 54 
29192 , 58298 , 54 
29193 , 58299 , 54 
29194 , 58300 , 54 
29195 , 58301 , 54 
29196 , 58302 , 54 
29197 , 58303 , 54 
29198 , 58304 , 54 
29199 , 58305 , 54 
29200 , 58306 , 54 
29201 , 58307 , 54 
29202 , 58308 , 54 
29203 , 58309 , 54 
29204 , 58310 , 54 
29205 , 58311 , 54 
29206 , 58312 , 54 
29207 , 58313 , 54 
29208 , 58314 , 54 
29209 , 58315 , 54 
29210 , 58316 , 54 
29211 , 58317 , 54 
29212 , 58318 , 54 
29213 , 58319 , 54 
29214 , 58320 , 54 
*****************************************      
**Element sets_Panels        
***************************************** 
*ELSET, ELSET = Panel_1, GENERATE 
58321 , 64747 , 34 
58322 , 64748 , 34 
58323 , 64749 , 34 
58324 , 64750 , 34 
58325 , 64751 , 34 
58326 , 64752 , 34 
58327 , 64753 , 34 
58328 , 64754 , 34 
58329 , 64755 , 34 
58330 , 64756 , 34 
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58331 , 64757 , 34 
58332 , 64758 , 34 
58333 , 64759 , 34 
58334 , 64760 , 34 
58335 , 64761 , 34 
58336 , 64762 , 34 
58337 , 64763 , 34 
58338 , 64764 , 34 
58339 , 64765 , 34 
58340 , 64766 , 34 
58341 , 64767 , 34 
58342 , 64768 , 34 
58343 , 64769 , 34 
58344 , 64770 , 34 
58345 , 64771 , 34 
58346 , 64772 , 34 
58347 , 64773 , 34 
58348 , 64774 , 34 
58349 , 64775 , 34 
58350 , 64776 , 34 
58351 , 64777 , 34 
58352 , 64778 , 34 
58353 , 64779 , 34 
58354 , 64780 , 34 
*ELSET, ELSET = Panel_2, GENERATE 
64781 , 71207 , 34 
64782 , 71208 , 34 
64783 , 71209 , 34 
64784 , 71210 , 34 
64785 , 71211 , 34 
64786 , 71212 , 34 
64787 , 71213 , 34 
64788 , 71214 , 34 
64789 , 71215 , 34 
64790 , 71216 , 34 
64791 , 71217 , 34 
64792 , 71218 , 34 
64793 , 71219 , 34 
64794 , 71220 , 34 
64795 , 71221 , 34 
64796 , 71222 , 34 
64797 , 71223 , 34 
64798 , 71224 , 34 
64799 , 71225 , 34 
64800 , 71226 , 34 
64801 , 71227 , 34 
64802 , 71228 , 34 
64803 , 71229 , 34 
64804 , 71230 , 34 
64805 , 71231 , 34 
64806 , 71232 , 34 
64807 , 71233 , 34 
64808 , 71234 , 34 
64809 , 71235 , 34 
64810 , 71236 , 34 
64811 , 71237 , 34 
64812 , 71238 , 34 
64813 , 71239 , 34 
64814 , 71240 , 34 
*****************************************      
**Element sets_Tubes       
***************************************** 
*ELSET, ELSET = Tube_1, GENERATE 
71241 , 71664 , 47 
71242 , 71665 , 47 
71243 , 71666 , 47 
71244 , 71667 , 47 
71245 , 71668 , 47 
71246 , 71669 , 47 
71247 , 71670 , 47 
71248 , 71671 , 47 
71249 , 71672 , 47 
71250 , 71673 , 47 
71251 , 71674 , 47 
71252 , 71675 , 47 
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71253 , 71676 , 47 
71254 , 71677 , 47 
71255 , 71678 , 47 
71256 , 71679 , 47 
71257 , 71680 , 47 
71258 , 71681 , 47 
71259 , 71682 , 47 
71260 , 71683 , 47 
71261 , 71684 , 47 
71262 , 71685 , 47 
71263 , 71686 , 47 
71264 , 71687 , 47 
71265 , 71688 , 47 
71266 , 71689 , 47 
71267 , 71690 , 47 
71268 , 71691 , 47 
71269 , 71692 , 47 
71270 , 71693 , 47 
71271 , 71694 , 47 
71272 , 71695 , 47 
71273 , 71696 , 47 
71274 , 71697 , 47 
71275 , 71698 , 47 
71276 , 71699 , 47 
71277 , 71700 , 47 
71278 , 71701 , 47 
71279 , 71702 , 47 
71280 , 71703 , 47 
71281 , 71704 , 47 
71282 , 71705 , 47 
71283 , 71706 , 47 
71284 , 71707 , 47 
71285 , 71708 , 47 
71286 , 71709 , 47 
71287 , 71710 , 47 
71711 , 71720 , 1 
*ELSET, ELSET = Tube_2, GENERATE 
71721 , 72144 , 47 
71722 , 72145 , 47 
71723 , 72146 , 47 
71724 , 72147 , 47 
71725 , 72148 , 47 
71726 , 72149 , 47 
71727 , 72150 , 47 
71728 , 72151 , 47 
71729 , 72152 , 47 
71730 , 72153 , 47 
71731 , 72154 , 47 
71732 , 72155 , 47 
71733 , 72156 , 47 
71734 , 72157 , 47 
71735 , 72158 , 47 
71736 , 72159 , 47 
71737 , 72160 , 47 
71738 , 72161 , 47 
71739 , 72162 , 47 
71740 , 72163 , 47 
71741 , 72164 , 47 
71742 , 72165 , 47 
71743 , 72166 , 47 
71744 , 72167 , 47 
71745 , 72168 , 47 
71746 , 72169 , 47 
71747 , 72170 , 47 
71748 , 72171 , 47 
71749 , 72172 , 47 
71750 , 72173 , 47 
71751 , 72174 , 47 
71752 , 72175 , 47 
71753 , 72176 , 47 
71754 , 72177 , 47 
71755 , 72178 , 47 
71756 , 72179 , 47 
71757 , 72180 , 47 
71758 , 72181 , 47 
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71759 , 72182 , 47 
71760 , 72183 , 47 
71761 , 72184 , 47 
71762 , 72185 , 47 
71763 , 72186 , 47 
71764 , 72187 , 47 
71765 , 72188 , 47 
71766 , 72189 , 47 
71767 , 72190 , 47 
72191 , 72200 , 1 
*ELSET, ELSET = Tube_3, GENERATE 
72201 , 72624 , 47 
72202 , 72625 , 47 
72203 , 72626 , 47 
72204 , 72627 , 47 
72205 , 72628 , 47 
72206 , 72629 , 47 
72207 , 72630 , 47 
72208 , 72631 , 47 
72209 , 72632 , 47 
72210 , 72633 , 47 
72211 , 72634 , 47 
72212 , 72635 , 47 
72213 , 72636 , 47 
72214 , 72637 , 47 
72215 , 72638 , 47 
72216 , 72639 , 47 
72217 , 72640 , 47 
72218 , 72641 , 47 
72219 , 72642 , 47 
72220 , 72643 , 47 
72221 , 72644 , 47 
72222 , 72645 , 47 
72223 , 72646 , 47 
72224 , 72647 , 47 
72225 , 72648 , 47 
72226 , 72649 , 47 
72227 , 72650 , 47 
72228 , 72651 , 47 
72229 , 72652 , 47 
72230 , 72653 , 47 
72231 , 72654 , 47 
72232 , 72655 , 47 
72233 , 72656 , 47 
72234 , 72657 , 47 
72235 , 72658 , 47 
72236 , 72659 , 47 
72237 , 72660 , 47 
72238 , 72661 , 47 
72239 , 72662 , 47 
72240 , 72663 , 47 
72241 , 72664 , 47 
72242 , 72665 , 47 
72243 , 72666 , 47 
72244 , 72667 , 47 
72245 , 72668 , 47 
72246 , 72669 , 47 
72247 , 72670 , 47 
72671 , 72680 , 1 
*ELSET, ELSET = Tube_4, GENERATE 
72681 , 73104 , 47 
72682 , 73105 , 47 
72683 , 73106 , 47 
72684 , 73107 , 47 
72685 , 73108 , 47 
72686 , 73109 , 47 
72687 , 73110 , 47 
72688 , 73111 , 47 
72689 , 73112 , 47 
72690 , 73113 , 47 
72691 , 73114 , 47 
72692 , 73115 , 47 
72693 , 73116 , 47 
72694 , 73117 , 47 
72695 , 73118 , 47 
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72696 , 73119 , 47 
72697 , 73120 , 47 
72698 , 73121 , 47 
72699 , 73122 , 47 
72700 , 73123 , 47 
72701 , 73124 , 47 
72702 , 73125 , 47 
72703 , 73126 , 47 
72704 , 73127 , 47 
72705 , 73128 , 47 
72706 , 73129 , 47 
72707 , 73130 , 47 
72708 , 73131 , 47 
72709 , 73132 , 47 
72710 , 73133 , 47 
72711 , 73134 , 47 
72712 , 73135 , 47 
72713 , 73136 , 47 
72714 , 73137 , 47 
72715 , 73138 , 47 
72716 , 73139 , 47 
72717 , 73140 , 47 
72718 , 73141 , 47 
72719 , 73142 , 47 
72720 , 73143 , 47 
72721 , 73144 , 47 
72722 , 73145 , 47 
72723 , 73146 , 47 
72724 , 73147 , 47 
72725 , 73148 , 47 
72726 , 73149 , 47 
72727 , 73150 , 47 
73151 , 73160 , 1 
*****************************************      
**Element sets_Plates          
***************************************** 
*ELSET, ELSET = Plate_1, GENERATE 
73161 , 73221 , 4 
73162 , 73222 , 4 
73163 , 73223 , 4 
73164 , 73224 , 4 
*ELSET, ELSET = Plate_2, GENERATE 
73225 , 73285 , 4 
73226 , 73286 , 4 
73227 , 73287 , 4 
73228 , 73288 , 4 
*ELSET, ELSET = Plate_3, GENERATE 
73289 , 73349 , 4 
73290 , 73350 , 4 
73291 , 73351 , 4 
73292 , 73352 , 4 
*ELSET, ELSET = Plate_4, GENERATE 
73353 , 73413 , 4 
73354 , 73414 , 4 
73355 , 73415 , 4 
73356 , 73416 , 4 
***************************************   
**Link constraints_Member 1 to Member 2 
*************************************** 
*MPC 
LINK , 6014 , 1006014 
*MPC 
LINK , 9014 , 1009014 
*MPC 
LINK , 12014 , 1012014 
*MPC 
LINK , 15014 , 1015014 
*MPC 
LINK , 18014 , 1018014 
*MPC 
LINK , 21014 , 1021014 
*MPC 
LINK , 24014 , 1024014 
*MPC 
LINK , 27014 , 1027014 
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*MPC 
LINK , 30014 , 1030014 
*MPC 
LINK , 33014 , 1033014 
*MPC 
LINK , 36014 , 1036014 
*MPC 
LINK , 39014 , 1039014 
*MPC 
LINK , 42014 , 1042014 
*MPC 
LINK , 45014 , 1045014 
*MPC 
LINK , 48014 , 1048014 
***************************************   
**Tie constraints_Panel to Beam 
*************************************** 
*SURFACE, NAME=Beam_1_2_Surface, TYPE=ELEMENT 
Beam_1, SPOS 
Beam_2, SPOS 
*SURFACE, NAME=Pannel_1_Surface, TYPE=ELEMENT 
Pannel_1, SNEG 
*SURFACE, NAME=Pannel_2_Surface, TYPE=ELEMENT 
Pannel_2, SNEG 
*TIE, NAME=Beam_to_Pannel_1, TIED NSET=Pannel_to_Purlin_1, NO THICKNESS 
Pannel_1_Surface, Beam_1_2_Surface 
*TIE, NAME=Beam_to_Pannel_2, TIED NSET=Pannel_to_Purlin_2, NO THICKNESS 
Pannel_2_Surface, Beam_1_2_Surface 
***************************************    
**Tie constraints_Tube to Beam 
*************************************** 
*SURFACE, NAME=Beam_1_Surface, TYPE=ELEMENT 
Beam_1, SPOS 
*SURFACE, NAME=Beam_2_Surface, TYPE=ELEMENT 
Beam_2, SNEG 
*SURFACE, NAME=Tube_1_Surface, TYPE=ELEMENT 
Tube_1, SNEG 
*TIE, NAME=Beam_1_to_Tube_1, TIED NSET = Tube_1_to_Purlin_1, NO THICKNESS 
Tube_1_Surface, Beam_1_Surface 
*TIE, NAME=Beam_2_to_Tube_1, TIED NSET = Tube_1_to_Purlin_2, NO THICKNESS 
Tube_1_Surface, Beam_2_Surface 
*SURFACE, NAME=Tube_2_Surface, TYPE=ELEMENT 
Tube_2, SNEG 
*TIE, NAME=Beam_1_to_Tube_2,TIED NSET = Tube_2_to_Purlin_1,  NO THICKNESS 
Tube_2_Surface, Beam_1_Surface 
*TIE, NAME=Beam_2_to_Tube_2,TIED NSET = Tube_2_to_Purlin_2, NO THICKNESS 
Tube_2_Surface, Beam_2_Surface 
*SURFACE, NAME=Tube_3_Surface, TYPE=ELEMENT 
Tube_3, SNEG 
*TIE, NAME=Beam_1_to_Tube_3,TIED NSET = Tube_3_to_Purlin_1, NO THICKNESS 
Tube_3_Surface, Beam_1_Surface 
*TIE, NAME=Beam_2_to_Tube_3,TIED NSET = Tube_3_to_Purlin_2, NO THICKNESS 
Tube_3_Surface, Beam_2_Surface 
*SURFACE, NAME=Tube_4_Surface, TYPE=ELEMENT 
Tube_4, SNEG 
*TIE, NAME=Beam_1_to_Tube_4,TIED NSET = Tube_4_to_Purlin_1, NO THICKNESS 
Tube_4_Surface, Beam_1_Surface  
*TIE, NAME=Beam_2_to_Tube_4,TIED NSET = Tube_4_to_Purlin_2, NO THICKNESS 
Tube_4_Surface, Beam_2_Surface  
***************************************       
**Tie constraints_Plate to Beam 
*************************************** 
*SURFACE, NAME=Beam_1_Surface_1, TYPE=ELEMENT 
Beam_1, SNEG 
*SURFACE, NAME=Beam_2_Surface_1, TYPE=ELEMENT 
Beam_2, SPOS 
*SURFACE, NAME=Plate_1_Surface, TYPE=ELEMENT 
Plate_1, SPOS 
*TIE, NAME=Beam_to_Plate_1, NO THICKNESS 
Plate_1_Surface, Beam_1_Surface_1  
*SURFACE, NAME=Plate_2_Surface, TYPE=ELEMENT 
Plate_2, SPOS 
*TIE, NAME=Beam_to_Plate_2, NO THICKNESS 
Plate_2_Surface, Beam_1_Surface_1  
*SURFACE, NAME=Plate_3_Surface, TYPE=ELEMENT 
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Plate_3, SNEG 
*TIE, NAME=Beam_to_Plate_3, NO THICKNESS 
Plate_3_Surface, Beam_2_Surface_1  
*SURFACE, NAME=Plate_4_Surface, TYPE=ELEMENT 
Plate_4, SNEG 
*TIE, NAME=Beam_to_Plate_4, NO THICKNESS 
Plate_4_Surface, Beam_2_Surface_1  
*************************************** 
**Amplitude-time for displacement control 
*************************************** 
*AMPLITUDE,NAME=CONTROL,DEFINITION=TABULAR,VALUE=ABSOLUTE 
0, 0, 0.25, -5, 0.5, -10, 0.75, -15, 
1, -20, 1.25, -25, 1.5, -30, 1.75, -35, 
2, -40, 2.25, -45, 2.5, -50, 2.75, -55,  
*************************************** 
**Material Definition 
*************************************** 
*MATERIAL, NAME=Flat 
*ELASTIC, TYPE=Isotropic 
203000, 0.3 
*PLASTIC 
317.5221085 , 0 
338.7311087 , 1.6155E-05 
359.9587778 , 6.98793E-05 
381.2354436 , 0.000234282 
402.6472677 , 0.00070535 
424.4255738 , 0.001980524 
429.8025091 , 0.002783887 
435.4783855 , 0.004252637 
441.4632773 , 0.006383734 
447.7672586 , 0.00917283 
454.4004035 , 0.012614299 
461.3727862 , 0.016701271 
468.6944809 , 0.021425676 
476.3755616 , 0.026778299 
484.4261025 , 0.032748831 
492.8561777 , 0.039325936 
501.6758614 , 0.046497321 
510.8952278 , 0.054249802 
520.5243509 , 0.062569383 
530.5733049 , 0.071441333 
541.052164 , 0.080850263 
551.9710022 , 0.090780208 
563.3398938 , 0.101214704 
575.1689128 , 0.11213687 
587.4681335 , 0.123529483 
600.2476299 , 0.13537505 
613.5174762 , 0.14765589 
627.2877465 , 0.160354194 
*************************************** 
*MATERIAL, NAME=Panel_Elastic 
*ELASTIC, TYPE=Isotropic 
203000, 0.3 
*************************************** 
*MATERIAL, NAME= Rigid 
*ELASTIC, TYPE=Isotropic 
2030000, 0.3 
*************************************** 
**Definition of cross-section_Beam 1 
*************************************** 
*SHELL SECTION, ELSET = Beam_1, MATERIAL = Flat 
3  
*************************************** 
**Definition of cross-section_Beam 2 
*************************************** 
*SHELL SECTION, ELSET = Beam_2, MATERIAL = Flat 
3  
*************************************** 
**Definition of cross-section_Tubes 
*************************************** 
*SHELL SECTION, ELSET = Tube_1, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Tube_2, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Tube_3, MATERIAL = Rigid 
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6 
*SHELL SECTION, ELSET = Tube_4, MATERIAL = Rigid 
6 
*************************************** 
**Definition of cross-section_Panel 
*************************************** 
*SHELL SECTION, ELSET = Panel_1, MATERIAL = Panel_Elastic 
0.48 
*SHELL SECTION, ELSET = Panel_2, MATERIAL = Panel_Elastic 
0.48 
*************************************** 
**Definition of cross-section_Plates 
*************************************** 
*SHELL SECTION, ELSET = Plate_1, MATERIAL = Rigid 
3 
*SHELL SECTION, ELSET = Plate_2, MATERIAL = Rigid 
3 
*SHELL SECTION, ELSET = Plate_3, MATERIAL = Rigid 
3 
*SHELL SECTION, ELSET = Plate_4, MATERIAL = Rigid 
3 
*************************************** 
**Definition of Boundary conditions_Beam 1 
******************************* 
*BOUNDARY 
3010 , 1 , 2 
3011 , 1 , 2 
3012 , 1 , 2 
3013 , 1 , 2 
3014 , 1 , 2 
3015 , 1 , 2 
3016 , 1 , 2 
3017 , 1 , 2 
3018 , 1 , 2 
3010 , 5 , 6 
3011 , 5 , 6 
3012 , 5 , 6 
3013 , 5 , 6 
3014 , 5 , 6 
3015 , 5 , 6 
3016 , 5 , 6 
3017 , 5 , 6 
3018 , 5 , 6 
*BOUNDARY 
51010 , 1 , 2 
51011 , 1 , 2 
51012 , 1 , 2 
51013 , 1 , 2 
51014 , 1 , 2 
51015 , 1 , 2 
51016 , 1 , 2 
51017 , 1 , 2 
51018 , 1 , 2 
51010 , 5 , 6 
51011 , 5 , 6 
51012 , 5 , 6 
51013 , 5 , 6 
51014 , 5 , 6 
51015 , 5 , 6 
51016 , 5 , 6 
51017 , 5 , 6 
51018 , 5 , 6 
*BOUNDARY 
27010 , 3 
27011 , 3 
27012 , 3 
27013 , 3 
27014 , 3 
27015 , 3 
27016 , 3 
27017 , 3 
27018 , 3 
******************************* 
**Definition of Boundary conditions_Beam 2 
******************************* 
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*BOUNDARY 
1003010 , 1 , 2 
1003011 , 1 , 2 
1003012 , 1 , 2 
1003013 , 1 , 2 
1003014 , 1 , 2 
1003015 , 1 , 2 
1003016 , 1 , 2 
1003017 , 1 , 2 
1003018 , 1 , 2 
1003010 , 5 , 6 
1003011 , 5 , 6 
1003012 , 5 , 6 
1003013 , 5 , 6 
1003014 , 5 , 6 
1003015 , 5 , 6 
1003016 , 5 , 6 
1003017 , 5 , 6 
1003018 , 5 , 6 
*BOUNDARY 
1051010 , 1 , 2 
1051011 , 1 , 2 
1051012 , 1 , 2 
1051013 , 1 , 2 
1051014 , 1 , 2 
1051015 , 1 , 2 
1051016 , 1 , 2 
1051017 , 1 , 2 
1051018 , 1 , 2 
1051010 , 5 , 6 
1051011 , 5 , 6 
1051012 , 5 , 6 
1051013 , 5 , 6 
1051014 , 5 , 6 
1051015 , 5 , 6 
1051016 , 5 , 6 
1051017 , 5 , 6 
1051018 , 5 , 6 
*BOUNDARY 
1027010 , 3 
1027011 , 3 
1027012 , 3 
1027013 , 3 
1027014 , 3 
1027015 , 3 
1027016 , 3 
1027017 , 3 
1027018 , 3 
*********************************** 
*STEP, NLGEOM, INC =  240 
*STATIC,STABILIZE=2e-4       
0.05 , 3 , 0.000000000001 , 1 
*MONITOR, NODE = 203009, DOF = 2   
*BOUNDARY,TYPE=DISPLACEMENT,AMPLITUDE=CONTROL    
203009 , 2 , 2 
203033 , 2 , 2  
205009 , 2 , 2 
205033 , 2 , 2  
*OUTPUT,HISTORY     
*NODE OUTPUT, NSET=Loading 
RF2 
*NODE OUTPUT, NSET=deflection 
U2  
*END STEP       
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B2 Single-member FE models for combined local/distortional 
buckling 
The typical nonlinear ABAQUS input file for single-member FE models used for 
combined local/distortional buckling analyses throughout the present study is as 
follows: 
 
*HEADING          
Lipped Z Section D8.5Z120-4        
Nonlinear Analysis         
Units are in 'N' & 'mm'         
Total beam span  4880 mm        
*RESTART, WRITE        
*************************         
**Specifying beam sections         
*************************         
* NODE, NSET = Section_1       
1 , 0 , 0 , 0 
6 , 13.30409884 , -15.96807539 , 0 
10 , 19.06622527 , -18.66725264 , 0 
18 , 68.8503172 , -18.66725264 , 0 
22 , 76.3503172 , -11.16725264 , 0 
34 , 76.3503172 , 184.8327474 , 0 
38 , 83.8503172 , 192.3327474 , 0 
46 , 137.2447845 , 192.3327474 , 0 
50 , 143.3277632 , 189.2199299 , 0 
55 , 154.6727057 , 173.4897792 , 0 
* NGEN, NSET = Section_1         
1 , 6 , 1 
10 , 18 , 1 
22 , 34 , 1 
38 , 46 , 1 
50 , 55 , 1  
* NGEN, LINE=C, NSET = Section_1       
6,  10, 1, , 19.06622527, -11.16725264, 0 
18,  22, 1, , 68.8503172, -11.16725264, 0 
34,  38, 1, , 83.8503172, 184.8327474, 0 
46,  50, 1, , 137.2447845, 184.8327474, 0   
* NODE, NSET = Section_2       
54001 , 0 , 0 , 5490.000001 
54006 , 13.30409884 , -15.96807539 , 5490.000001 
54010 , 19.06622527 , -18.66725264 , 5490.000001 
54018 , 68.8503172 , -18.66725264 , 5490.000001 
54022 , 76.3503172 , -11.16725264 , 5490.000001 
54034 , 76.3503172 , 184.8327474 , 5490.000001 
54038 , 83.8503172 , 192.3327474 , 5490.000001 
54046 , 137.2447845 , 192.3327474 , 5490.000001 
54050 , 143.3277632 , 189.2199299 , 5490.000001 
54055 , 154.6727057 , 173.4897792 , 5490.000001 
* NGEN, NSET = Section_2         
54001 , 54006 , 1 
54010 , 54018 , 1 
54022 , 54034 , 1 
54038 , 54046 , 1 
54050 , 54055 , 1 
* NGEN, LINE=C, NSET = Section_2       
54006, 54010,  1, , 19.06622527, -11.16725264, 5490.000001 
54018, 54022,  1, , 68.8503172, -11.16725264, 5490.000001 
54034, 54038,  1, , 83.8503172, 184.8327474, 5490.000001 
54046, 54050,  1, , 137.2447845, 184.8327474, 5490.000001 
********************************* 
**Specifying Plate sections 
********************************* 
* NODE, NSET = Plate_Section_1        
60022 , 76.3503172 , -11.16725264 , 223.6666668 
60034 , 76.3503172 , 184.8327474 , 223.6666668  
* NGEN, NSET = Plate_Section_1        
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60022 , 60034 , 1       
* NODE, NSET = Plate_Section_2        
61622 , 76.3503172 , -11.16725264 , 386.3333335  
61634 , 76.3503172 , 184.8327474 , 386.3333335  
* NGEN, NSET = Plate_Section_2        
61622 , 61634 , 1       
* NODE, NSET = Plate_Section_3        
76022 , 76.3503172 , -11.16725264 , 1850.333334  
76034 , 76.3503172 , 184.8327474 , 1850.333334  
* NGEN, NSET = Plate_Section_3        
76022 , 76034 , 1       
* NODE, NSET = Plate_Section_4        
77622 , 76.3503172 , -11.16725264 , 2013   
77634 , 76.3503172 , 184.8327474 , 2013   
* NGEN, NSET = Plate_Section_4        
77622 , 77634 , 1       
* NODE, NSET = Plate_Section_5        
92022 , 76.3503172 , -11.16725264 , 3477.000001  
92034 , 76.3503172 , 184.8327474 , 3477.000001  
* NGEN, NSET = Plate_Section_5        
92022 , 92034 , 1       
* NODE, NSET = Plate_Section_6        
93622 , 76.3503172 , -11.16725264 , 3639.666667  
93634 , 76.3503172 , 184.8327474 , 3639.666667  
* NGEN, NSET = Plate_Section_6        
93622 , 93634 , 1       
* NODE, NSET = Plate_Section_7        
108022 , 76.3503172 , -11.16725264 , 5103.666668  
108034 , 76.3503172 , 184.8327474 , 5103.666668  
* NGEN, NSET = Plate_Section_7        
108022 , 108034 , 1       
* NODE, NSET = Plate_Section_8        
109622 , 76.3503172 , -11.16725264 , 5266.333334  
109634 , 76.3503172 , 184.8327474 , 5266.333334  
* NGEN, NSET = Plate_Section_8        
109622 , 109634 , 1       
* NODE, NSET = Plate_Section_1_1        
110018 , 68.8503172 , -18.66725264 , 223.6666668  
110022 , 76.3503172 , -11.16725264 , 223.6666668  
* NGEN, LINE=C, NSET = Plate_Section_1_1       
110018, 110022,  1, , 68.8503172, -11.16725264, 223.6666668 
* NODE, NSET = Plate_Section_2_2        
111618 , 68.8503172 , -18.66725264 , 386.3333335  
111622 , 76.3503172 , -11.16725264 , 386.3333335  
* NGEN, LINE=C, NSET = Plate_Section_2_2       
111618, 111622,  1, , 68.8503172, -11.16725264, 386.3333335 
* NODE, NSET = Plate_Section_3_3        
158018 , 68.8503172 , -18.66725264 , 5103.666668  
158022 , 76.3503172 , -11.16725264 , 5103.666668  
* NGEN, LINE=C, NSET = Plate_Section_3_3      
158018, 58022,  1, , 68.8503172, -11.16725264, 5103.666668 
* NODE, NSET = Plate_Section_4_4        
159618 , 68.8503172 , -18.66725264 , 5266.333334  
159622 , 76.3503172 , -11.16725264 , 5266.333334  
* NGEN, LINE=C, NSET = Plate_Section_4_4       
159618, 159622,  1, , 68.8503172, -11.16725264, 5266.333334 
**********************************       
**Generation of nodes along the length        
**********************************       
* NFILL            
Section_1 ,  Section_2  ,  540 ,  100    
* NFILL            
Plate_Section_1 ,  Plate_Section_2  ,  16  ,  100  
* NFILL            
Plate_Section_3 ,  Plate_Section_4  ,  16  ,  100  
* NFILL            
Plate_Section_5 ,  Plate_Section_6  ,  16  ,  100   
* NFILL            
Plate_Section_7 ,  Plate_Section_8  ,  16  ,  100   
* NFILL          
Plate_Section_1_1 ,  Plate_Section_2_2  ,  16  ,  100  
* NFILL            
Plate_Section_3_3 ,  Plate_Section_4_4  ,  16  ,  100  
*****************************************      
**initial imperfections obtained from CUFSM and scaled to 50% CDF values       
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*imperfection,input=D8.5Z120-4_50%.inp 
***************************************** 
**Nod sets for Plate_to_Beam tie  
***************************************** 
*NSET, NSET = Plate_1_to_beam 
61224 
60424 
60432 
61232 
*NSET, NSET = Plate_2_to_beam 
77224 
76424 
76432 
77232 
*NSET, NSET = Plate_3_to_beam 
93224 
92424 
92432 
93232 
*NSET, NSET = Plate_4_to_beam 
109224 
108424 
108432 
109232      
***************************************** 
**Element type and Generation of elements_Beam  
*****************************************     
*ELEMENT, TYPE = S4R         
1, 2,  1,  101,  102     
*ELGEN           
1,  54,  1,  1,  540,  100,  54,  1   
***************************************** 
**Element type and Generation of elements_Plates  
***************************************** 
*ELEMENT, TYPE = S4R         
29161, 60023,  60022,  60122,  60123     
*ELGEN           
29161, 12, 1,  1,  16,  100,  12,  1 
*ELEMENT, TYPE = S4R        
29353,  76023 ,  76022,  76122,  76123     
*ELGEN           
29353,  12,  1,  1,  16,  100,  12,  1 
*ELEMENT, TYPE = S4R         
29545,  92023,  92022,  92122,  92123   
*ELGEN           
29545,  12,  1,  1,  16,  100,  12,  1 
*ELEMENT, TYPE = S4R         
29737,  108023,  108022,  108122,  108123     
*ELGEN           
29737,  12,  1,  1,  16,  100,  12,  1 
*ELEMENT, TYPE = S4R         
29929,  110019,  110018,  110118,  110119    
*ELGEN           
29929,  4,  1,  1,  16,  100,  4,  1 
*ELEMENT, TYPE = S4R         
29993,  158019,  158018,  158118,  158119    
*ELGEN           
29993,  4,  1,  1,  16,  100,  4,  1 
*****************************************      
**Element sets_Beam         
***************************************** 
*ELSET, ELSET = Beam, GENERATE 
1 , 29107 , 54 
2 , 29108 , 54 
3 , 29109 , 54 
4 , 29110 , 54 
5 , 29111 , 54 
6 , 29112 , 54 
7 , 29113 , 54 
8 , 29114 , 54 
9 , 29115 , 54 
10 , 29116 , 54 
11 , 29117 , 54 
12 , 29118 , 54 
13 , 29119 , 54 
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14 , 29120 , 54 
15 , 29121 , 54 
16 , 29122 , 54 
17 , 29123 , 54 
18 , 29124 , 54 
19 , 29125 , 54 
20 , 29126 , 54 
21 , 29127 , 54 
22 , 29128 , 54 
23 , 29129 , 54 
24 , 29130 , 54 
25 , 29131 , 54 
26 , 29132 , 54 
27 , 29133 , 54 
28 , 29134 , 54 
29 , 29135 , 54 
30 , 29136 , 54 
31 , 29137 , 54 
32 , 29138 , 54 
33 , 29139 , 54 
34 , 29140 , 54 
35 , 29141 , 54 
36 , 29142 , 54 
37 , 29143 , 54 
38 , 29144 , 54 
39 , 29145 , 54 
40 , 29146 , 54 
41 , 29147 , 54 
42 , 29148 , 54 
43 , 29149 , 54 
44 , 29150 , 54 
45 , 29151 , 54 
46 , 29152 , 54 
47 , 29153 , 54 
48 , 29154 , 54 
49 , 29155 , 54 
50 , 29156 , 54 
51 , 29157 , 54 
52 , 29158 , 54 
53 , 29159 , 54 
54 , 29160 , 54 
*****************************************      
**Element sets_Plates         
***************************************** 
*ELSET, ELSET = Plate_1, GENERATE 
29161 , 29341 , 12 
29162 , 29342 , 12 
29163 , 29343 , 12 
29164 , 29344 , 12 
29165 , 29345 , 12 
29166 , 29346 , 12 
29167 , 29347 , 12 
29168 , 29348 , 12 
29169 , 29349 , 12 
29170 , 29350 , 12 
29171 , 29351 , 12 
29172 , 29352 , 12 
*ELSET, ELSET = Plate_2, GENERATE 
29353 , 29533 , 12 
29354 , 29534 , 12 
29355 , 29535 , 12 
29356 , 29536 , 12 
29357 , 29537 , 12 
29358 , 29538 , 12 
29359 , 29539 , 12 
29360 , 29540 , 12 
29361 , 29541 , 12 
29362 , 29542 , 12 
29363 , 29543 , 12 
29364 , 29544 , 12 
*ELSET, ELSET = Plate_3, GENERATE 
29545 , 29725 , 12 
29546 , 29726 , 12 
29547 , 29727 , 12 
29548 , 29728 , 12 
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29549 , 29729 , 12 
29550 , 29730 , 12 
29551 , 29731 , 12 
29552 , 29732 , 12 
29553 , 29733 , 12 
29554 , 29734 , 12 
29555 , 29735 , 12 
29556 , 29736 , 12 
*ELSET, ELSET = Plate_4, GENERATE  
29737 , 29917 , 12 
29738 , 29918 , 12 
29739 , 29919 , 12 
29740 , 29920 , 12 
29741 , 29921 , 12 
29742 , 29922 , 12 
29743 , 29923 , 12 
29744 , 29924 , 12 
29745 , 29925 , 12 
29746 , 29926 , 12 
29747 , 29927 , 12 
29748 , 29928 , 12 
*ELSET, ELSET = Plate_1_1, GENERATE 
29929 , 29989 , 4 
29930 , 29990 , 4 
29931 , 29991 , 4 
29932 , 29992 , 4 
*ELSET, ELSET = Plate_2_2, GENERATE 
29993 , 30053 , 4 
29994 , 30054 , 4 
29995 , 30055 , 4 
29996 , 30056 , 4 
***************************************   
**Tie constraints_Plate to Beam 
*************************************** 
*SURFACE, NAME=Beam_Surface, TYPE=ELEMENT 
Beam, SNEG 
*SURFACE, NAME=Plate_1_Surface, TYPE=ELEMENT 
Plate_1, SPOS 
*SURFACE, NAME=Plate_2_Surface, TYPE=ELEMENT 
Plate_2, SPOS 
*SURFACE, NAME=Plate_3_Surface, TYPE=ELEMENT 
Plate_3, SPOS 
*SURFACE, NAME=Plate_4_Surface, TYPE=ELEMENT 
Plate_4, SPOS 
*SURFACE, NAME=Plate_1_1_Surface, TYPE=ELEMENT 
Plate_1_1, SPOS 
*SURFACE, NAME=Plate_2_2_Surface, TYPE=ELEMENT 
Plate_2_2, SPOS 
*TIE, NAME=Beam_to_Plat_1, TIED NSET = Plate_1_to_beam, NO THICKNESS 
Plate_1_Surface, Beam_Surface 
*TIE, NAME=Beam_to_Plate_2, TIED NSET = Plate_2_to_beam, NO THICKNESS 
Plate_2_Surface, Beam_Surface 
*TIE, NAME=Beam_to_Plate_3, TIED NSET = Plate_3_to_beam, NO THICKNESS 
Plate_3_Surface, Beam_Surface  
*TIE, NAME=Beam_to_Plate_4, TIED NSET = Plate_4_to_beam, NO THICKNESS 
Plate_4_Surface, Beam_Surface 
*TIE, NAME=Beam_to_Plat_1_1, NO THICKNESS 
Plate_1_1_Surface, Beam_Surface 
*TIE, NAME=Beam_to_Plate_2_2, NO THICKNESS 
Plate_2_2_Surface, Beam_Surface 
***************************************    
**Material Definition 
*************************************** 
*MATERIAL, NAME=Flat 
*ELASTIC, TYPE=Isotropic 
203000, 0.3 
*PLASTIC 
317.5221085 , 0 
338.7311087 , 1.6155E-05 
359.9587778 , 6.98793E-05 
381.2354436 , 0.000234282 
402.6472677 , 0.00070535 
424.4255738 , 0.001980524 
429.8025091 , 0.002783887 
435.4783855 , 0.004252637 
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441.4632773 , 0.006383734 
447.7672586 , 0.00917283 
454.4004035 , 0.012614299 
461.3727862 , 0.016701271 
468.6944809 , 0.021425676 
476.3755616 , 0.026778299 
484.4261025 , 0.032748831 
492.8561777 , 0.039325936 
501.6758614 , 0.046497321 
510.8952278 , 0.054249802 
520.5243509 , 0.062569383 
530.5733049 , 0.071441333 
541.052164 , 0.080850263 
551.9710022 , 0.090780208 
563.3398938 , 0.101214704 
575.1689128 , 0.11213687 
587.4681335 , 0.123529483 
600.2476299 , 0.13537505 
613.5174762 , 0.14765589 
627.2877465 , 0.160354194 
*************************************** 
*MATERIAL, NAME= Rigid 
*ELASTIC, TYPE=Isotropic 
2030000, 0.3 
*************************************** 
**Definition of cross-sections 
*************************************** 
*SHELL SECTION, ELSET = Beam, MATERIAL = Flat 
3 
*SHELL SECTION, ELSET = Plate_1, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Plate_2, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Plate_3, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Plate_4, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Plate_1_1, MATERIAL = Rigid 
3 
*SHELL SECTION, ELSET = Plate_2_2, MATERIAL = Rigid 
3 
******************************* 
**Definition of Boundary conditions 
******************************* 
*BOUNDARY 
3010 , 1 , 2 
3011 , 1 , 2 
3012 , 1 , 2 
3013 , 1 , 2 
3014 , 1 , 2 
3015 , 1 , 2 
3016 , 1 , 2 
3017 , 1 , 2 
3018 , 1 , 2 
3010 , 5 , 6 
3011 , 5 , 6 
3012 , 5 , 6 
3013 , 5 , 6 
3014 , 5 , 6 
3015 , 5 , 6 
3016 , 5 , 6 
3017 , 5 , 6 
3018 , 5 , 6 
*BOUNDARY 
51010 , 1 , 2 
51011 , 1 , 2 
51012 , 1 , 2 
51013 , 1 , 2 
51014 , 1 , 2 
51015 , 1 , 2 
51016 , 1 , 2 
51017 , 1 , 2 
51018 , 1 , 2 
51010 , 5 , 6 
51011 , 5 , 6 
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51012 , 5 , 6 
51013 , 5 , 6 
51014 , 5 , 6 
51015 , 5 , 6 
51016 , 5 , 6 
51017 , 5 , 6 
51018 , 5 , 6 
*BOUNDARY 
27010 , 3 
27011 , 3 
27012 , 3 
27013 , 3 
27014 , 3 
27015 , 3 
27016 , 3 
27017 , 3 
27018 , 3 
*BOUNDARY 
542 , 1 
2542 , 1 
3542 , 1 
5542 , 1 
6542 , 1 
8542 , 1 
9542 , 1 
11542 , 1 
12542 , 1 
14542 , 1 
15542 , 1 
17542 , 1 
18542 , 1 
35542 , 1 
36542 , 1 
38542 , 1 
39542 , 1 
41542 , 1 
42542 , 1 
44542 , 1 
45542 , 1 
47542 , 1 
48542 , 1 
50542 , 1 
51542 , 1 
53542 , 1 
*BOUNDARY 
76826 , 1 
76830 , 1 
92826 , 1 
92830 , 1 
*********************************** 
*STEP, NLGEOM, INC = 60 
*STATIC, RIKS 
0.01, 1, 0.0000000000001,1 
*MONITOR, NODE = 19034, DOF = 2  
*CLOAD 
76828 , 2 , -10000 
92828 , 2 , -10000         
*END STEP       
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B3 Single-member FE models for local buckling 
The typical nonlinear ABAQUS input file for single-member FE models used for 
local buckling analyses throughout the present study is as follows: 
 
 
*HEADING          
Lipped Z Section D8.5Z120-4        
Nonlinear Analysis         
Units are in 'N' & 'mm'         
Total beam span  4880 mm        
*RESTART, WRITE        
*************************         
**Specifying beam sections         
*************************         
* NODE, NSET = Section_1       
1 , 0 , 0 , 0 
6 , 13.74436553 , -15.75546202 , 0 
10 , 19.39609098 , -18.32514768 , 0 
18 , 68.30403605 , -18.32514768 , 0 
22 , 75.80403605 , -10.82514768 , 0 
34 , 75.80403605 , 186.1748523 , 0 
38 , 83.30403605 , 193.6748523 , 0 
46 , 136.315785 , 193.6748523 , 0 
50 , 141.8718195 , 191.2127567 , 0 
55 , 155.3141233 , 176.3879611 , 0 
* NGEN, NSET = Section_1          
1 , 6 , 1 
10 , 18 , 1 
22 , 34 , 1 
38 , 46 , 1 
50 , 55 , 1  
* NGEN, LINE=C, NSET = Section_1         
6, 10, 1, , 19.39609098, -10.82514768, 0 
18, 22, 1, , 68.30403605, -10.82514768, 0 
34, 38, 1, , 83.30403605, 186.1748523, 0 
46, 50, 1, , 136.315785, 186.1748523, 0  
* NODE, NSET = Section_2       
54001 , 0 , 0 , 5490.000001 
54006 , 13.74436553 , -15.75546202 , 5490.000001 
54010 , 19.39609098 , -18.32514768 , 5490.000001 
54018 , 68.30403605 , -18.32514768 , 5490.000001 
54022 , 75.80403605 , -10.82514768 , 5490.000001 
54034 , 75.80403605 , 186.1748523 , 5490.000001 
54038 , 83.30403605 , 193.6748523 , 5490.000001 
54046 , 136.315785 , 193.6748523 , 5490.000001 
54050 , 141.8718195 , 191.2127567 , 5490.000001 
54055 , 155.3141233 , 176.3879611 , 5490.000001 
* NGEN, NSET = Section_2          
54001 , 54006 , 1 
54010 , 54018 , 1 
54022 , 54034 , 1 
54038 , 54046 , 1 
54050 , 54055 , 1 
* NGEN, LINE=C, NSET = Section_2         
54006 , 54010, 1, , 19.39609098, -10.82514768, 5490.000001 
54018 , 54022, 1, , 68.30403605, -10.82514768, 5490.000001 
54034 , 54038, 1, , 83.30403605, 186.1748523, 5490.000001 
54046 , 54050, 1, , 136.315785, 186.1748523,  5490.000001 
********************************* 
**Specifying Plate sections 
********************************* 
* NODE, NSET = Plate_Section_1         
60022 , 75.80403605 , -10.82514768 , 223.6666668   
60034 , 75.80403605 , 186.1748523 , 223.6666668   
* NGEN, NSET = Plate_Section_1         
60022 , 60034 , 1        
* NODE, NSET = Plate_Section_2        
61622 , 75.80403605 , -10.82514768 , 386.3333335  
     
61634 , 75.80403605 , 186.1748523 , 386.3333335   
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* NGEN, NSET = Plate_Section_2         
61622 , 61634 , 1        
* NODE, NSET = Plate_Section_3         
76022 , 75.80403605 , -10.82514768 , 1850.333334   
76034 , 75.80403605 , 186.1748523 , 1850.333334   
* NGEN, NSET = Plate_Section_3         
76022 , 76034 , 1        
* NODE, NSET = Plate_Section_4         
77622 , 75.80403605 , -10.82514768 , 2013    
77634 , 75.80403605 , 186.1748523 , 2013    
* NGEN, NSET = Plate_Section_4         
77622 , 77634 , 1        
* NODE, NSET = Plate_Section_5         
92022 , 75.80403605 , -10.82514768 , 3477.000001   
92034 , 75.80403605 , 186.1748523 , 3477.000001   
* NGEN, NSET = Plate_Section_5         
92022 , 92034 , 1        
* NODE, NSET = Plate_Section_6         
93622 , 75.80403605 , -10.82514768 , 3639.666667   
93634 , 75.80403605 , 186.1748523 , 3639.666667   
* NGEN, NSET = Plate_Section_6         
93622 , 93634 , 1        
* NODE, NSET = Plate_Section_7         
108022 , 75.80403605 , -10.82514768 , 5103.666668  
108034 , 75.80403605 , 186.1748523 , 5103.666668  
* NGEN, NSET = Plate_Section_7         
108022 , 108034 , 1       
* NODE, NSET = Plate_Section_8         
109622 , 75.80403605 , -10.82514768 , 5266.333334  
109634 , 75.80403605 , 186.1748523 , 5266.333334  
* NGEN, NSET = Plate_Section_8         
109622 , 109634 , 1       
* NODE, NSET = Plate_Section_1_1         
110018 , 68.30403605 , -18.32514768 , 223.6666668  
110022 , 75.80403605 , -10.82514768 , 223.6666668  
* NGEN, LINE=C, NSET = Plate_Section_1_1        
110018, 110022, 1, , 68.30403605, -10.82514768, 223.6666668 
* NODE, NSET = Plate_Section_2_2         
111618 , 68.30403605 , -18.32514768 , 386.3333335  
111622 , 75.80403605 , -10.82514768 , 386.3333335  
* NGEN, LINE=C, NSET = Plate_Section_2_2        
111618, 111622, 1, , 68.30403605, -10.82514768, 386.3333335 
* NODE, NSET = Plate_Section_3_3         
158018 , 68.30403605 , -18.32514768 , 5103.666668  
158022 , 75.80403605 , -10.82514768 , 5103.666668  
* NGEN, LINE=C, NSET = Plate_Section_3_3        
158018, 158022, 1, , 68.30403605, -10.82514768, 5103.666668 
* NODE, NSET = Plate_Section_4_4         
159618 , 68.30403605 , -18.32514768 , 5266.333334  
159622 , 75.80403605 , -10.82514768 , 5266.333334  
* NGEN, LINE=C, NSET = Plate_Section_4_4        
159618, 159622, 1, , 68.30403605, -10.82514768, 5266.333334 
********************************* 
**Specifying spring second nodes 
********************************* 
* NODE       
214046 , 136.315785 , 213.6748523 , 1423.333334 
215046 , 136.315785 , 213.6748523 , 1525 
216046 , 136.315785 , 213.6748523 , 1626.666667 
217046 , 136.315785 , 213.6748523 , 1728.333334 
218046 , 136.315785 , 213.6748523 , 1830 
219046 , 136.315785 , 213.6748523 , 1931.666667 
220046 , 136.315785 , 213.6748523 , 2033.333334 
221046 , 136.315785 , 213.6748523 , 2135 
222046 , 136.315785 , 213.6748523 , 2236.666667 
223046 , 136.315785 , 213.6748523 , 2338.333334 
224046 , 136.315785 , 213.6748523 , 2440.000001 
225046 , 136.315785 , 213.6748523 , 2541.666667 
226046 , 136.315785 , 213.6748523 , 2643.333334 
227046 , 136.315785 , 213.6748523 , 2745.000001 
228046 , 136.315785 , 213.6748523 , 2846.666667 
229046 , 136.315785 , 213.6748523 , 2948.333334 
230046 , 136.315785 , 213.6748523 , 3050.000001 
231046 , 136.315785 , 213.6748523 , 3151.666667 
232046 , 136.315785 , 213.6748523 , 3253.333334 
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233046 , 136.315785 , 213.6748523 , 3355.000001 
234046 , 136.315785 , 213.6748523 , 3456.666667 
235046 , 136.315785 , 213.6748523 , 3558.333334 
236046 , 136.315785 , 213.6748523 , 3660.000001 
237046 , 136.315785 , 213.6748523 , 3761.666667 
238046 , 136.315785 , 213.6748523 , 3863.333334 
239046 , 136.315785 , 213.6748523 , 3965.000001 
240046 , 136.315785 , 213.6748523 , 4066.666668 
**********************************    
**Generation of nodes along the length        
**********************************       
* NFILL            
Section_1 ,  Section_2  ,  540 ,  100    
* NFILL            
Plate_Section_1 ,  Plate_Section_2  ,  16  ,  100  
* NFILL            
Plate_Section_3 ,  Plate_Section_4  ,  16  ,  100  
* NFILL            
Plate_Section_5 ,  Plate_Section_6  ,  16  ,  100   
* NFILL            
Plate_Section_7 ,  Plate_Section_8  ,  16  ,  100   
* NFILL          
Plate_Section_1_1 ,  Plate_Section_2_2  ,  16  ,  100  
* NFILL            
Plate_Section_3_3 ,  Plate_Section_4_4  ,  16  ,  100  
*****************************************      
**initial imperfections obtained from CUFSM and scaled to 50% CDF values        
*imperfection,input=D8.5Z120-4_50%.inp 
***************************************** 
**Nod sets for Plate_to_Beam tie  
***************************************** 
*NSET, NSET = Plate_1_to_beam 
61224 
60424 
60432 
61232 
*NSET, NSET = Plate_2_to_beam 
77224 
76424 
76432 
77232 
*NSET, NSET = Plate_3_to_beam 
93224 
92424 
92432 
93232 
*NSET, NSET = Plate_4_to_beam 
109224 
108424 
108432 
109232      
***************************************** 
**Element type and Generation of elements_Beam  
*****************************************     
*ELEMENT, TYPE = S4R         
1, 2,  1,  101,  102     
*ELGEN           
1,  54,  1,  1,  540,  100,  54,  1   
***************************************** 
**Element type and Generation of elements_Plates  
***************************************** 
*ELEMENT, TYPE = S4R         
29161, 60023,  60022,  60122,  60123     
*ELGEN           
29161, 12, 1,  1,  16,  100,  12,  1 
*ELEMENT, TYPE = S4R        
29353,  76023 ,  76022,  76122,  76123     
*ELGEN           
29353,  12,  1,  1,  16,  100,  12,  1 
*ELEMENT, TYPE = S4R         
29545,  92023,  92022,  92122,  92123   
*ELGEN           
29545,  12,  1,  1,  16,  100,  12,  1 
*ELEMENT, TYPE = S4R         
29737,  108023,  108022,  108122,  108123     
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*ELGEN           
29737,  12,  1,  1,  16,  100,  12,  1 
*ELEMENT, TYPE = S4R         
29929,  110019,  110018,  110118,  110119    
*ELGEN           
29929,  4,  1,  1,  16,  100,  4,  1 
*ELEMENT, TYPE = S4R         
29993,  158019,  158018,  158118,  158119    
*ELGEN           
29993,  4,  1,  1,  16,  100,  4,  1 
***************************************** 
**Element type and Generation of elements_Springs  
***************************************** 
*ELEMENT, TYPE=SPRINGA, ELSET=spring_restraint      
50000 , 14046 , 214046 
50001 , 15046 , 215046 
50002 , 16046 , 216046 
50003 , 17046 , 217046 
50004 , 18046 , 218046 
50005 , 19046 , 219046 
50006 , 20046 , 220046 
50007 , 21046 , 221046 
50008 , 22046 , 222046 
50009 , 23046 , 223046 
50010 , 24046 , 224046 
50011 , 25046 , 225046 
50012 , 26046 , 226046 
50013 , 27046 , 227046 
50014 , 28046 , 228046 
50015 , 29046 , 229046 
50016 , 30046 , 230046 
50017 , 31046 , 231046 
50018 , 32046 , 232046 
50019 , 33046 , 233046 
50020 , 34046 , 234046 
50021 , 35046 , 235046 
50022 , 36046 , 236046 
50023 , 37046 , 237046 
50024 , 38046 , 238046 
50025 , 39046 , 239046 
50026 , 40046 , 240046 
*****************************************      
**Element sets_Beam         
***************************************** 
*ELSET, ELSET = Beam, GENERATE 
1 , 29107 , 54 
2 , 29108 , 54 
3 , 29109 , 54 
4 , 29110 , 54 
5 , 29111 , 54 
6 , 29112 , 54 
7 , 29113 , 54 
8 , 29114 , 54 
9 , 29115 , 54 
10 , 29116 , 54 
11 , 29117 , 54 
12 , 29118 , 54 
13 , 29119 , 54 
14 , 29120 , 54 
15 , 29121 , 54 
16 , 29122 , 54 
17 , 29123 , 54 
18 , 29124 , 54 
19 , 29125 , 54 
20 , 29126 , 54 
21 , 29127 , 54 
22 , 29128 , 54 
23 , 29129 , 54 
24 , 29130 , 54 
25 , 29131 , 54 
26 , 29132 , 54 
27 , 29133 , 54 
28 , 29134 , 54 
29 , 29135 , 54 
30 , 29136 , 54 
345 
 
31 , 29137 , 54 
32 , 29138 , 54 
33 , 29139 , 54 
34 , 29140 , 54 
35 , 29141 , 54 
36 , 29142 , 54 
37 , 29143 , 54 
38 , 29144 , 54 
39 , 29145 , 54 
40 , 29146 , 54 
41 , 29147 , 54 
42 , 29148 , 54 
43 , 29149 , 54 
44 , 29150 , 54 
45 , 29151 , 54 
46 , 29152 , 54 
47 , 29153 , 54 
48 , 29154 , 54 
49 , 29155 , 54 
50 , 29156 , 54 
51 , 29157 , 54 
52 , 29158 , 54 
53 , 29159 , 54 
54 , 29160 , 54 
*****************************************      
**Element sets_Plates         
***************************************** 
*ELSET, ELSET = Plate_1, GENERATE 
29161 , 29341 , 12 
29162 , 29342 , 12 
29163 , 29343 , 12 
29164 , 29344 , 12 
29165 , 29345 , 12 
29166 , 29346 , 12 
29167 , 29347 , 12 
29168 , 29348 , 12 
29169 , 29349 , 12 
29170 , 29350 , 12 
29171 , 29351 , 12 
29172 , 29352 , 12 
*ELSET, ELSET = Plate_2, GENERATE 
29353 , 29533 , 12 
29354 , 29534 , 12 
29355 , 29535 , 12 
29356 , 29536 , 12 
29357 , 29537 , 12 
29358 , 29538 , 12 
29359 , 29539 , 12 
29360 , 29540 , 12 
29361 , 29541 , 12 
29362 , 29542 , 12 
29363 , 29543 , 12 
29364 , 29544 , 12 
*ELSET, ELSET = Plate_3, GENERATE 
29545 , 29725 , 12 
29546 , 29726 , 12 
29547 , 29727 , 12 
29548 , 29728 , 12 
29549 , 29729 , 12 
29550 , 29730 , 12 
29551 , 29731 , 12 
29552 , 29732 , 12 
29553 , 29733 , 12 
29554 , 29734 , 12 
29555 , 29735 , 12 
29556 , 29736 , 12 
*ELSET, ELSET = Plate_4, GENERATE  
29737 , 29917 , 12 
29738 , 29918 , 12 
29739 , 29919 , 12 
29740 , 29920 , 12 
29741 , 29921 , 12 
29742 , 29922 , 12 
29743 , 29923 , 12 
29744 , 29924 , 12 
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29745 , 29925 , 12 
29746 , 29926 , 12 
29747 , 29927 , 12 
29748 , 29928 , 12 
*ELSET, ELSET = Plate_1_1, GENERATE 
29929 , 29989 , 4 
29930 , 29990 , 4 
29931 , 29991 , 4 
29932 , 29992 , 4 
*ELSET, ELSET = Plate_2_2, GENERATE 
29993 , 30053 , 4 
29994 , 30054 , 4 
29995 , 30055 , 4 
29996 , 30056 , 4 
***************************************   
**Tie constraints_Plate to Beam 
*************************************** 
*SURFACE, NAME=Beam_Surface, TYPE=ELEMENT 
Beam, SNEG 
*SURFACE, NAME=Plate_1_Surface, TYPE=ELEMENT 
Plate_1, SPOS 
*SURFACE, NAME=Plate_2_Surface, TYPE=ELEMENT 
Plate_2, SPOS 
*SURFACE, NAME=Plate_3_Surface, TYPE=ELEMENT 
Plate_3, SPOS 
*SURFACE, NAME=Plate_4_Surface, TYPE=ELEMENT 
Plate_4, SPOS 
*SURFACE, NAME=Plate_1_1_Surface, TYPE=ELEMENT 
Plate_1_1, SPOS 
*SURFACE, NAME=Plate_2_2_Surface, TYPE=ELEMENT 
Plate_2_2, SPOS 
*TIE, NAME=Beam_to_Plat_1, TIED NSET = Plate_1_to_beam, NO THICKNESS 
Plate_1_Surface, Beam_Surface 
*TIE, NAME=Beam_to_Plate_2, TIED NSET = Plate_2_to_beam, NO THICKNESS 
Plate_2_Surface, Beam_Surface 
*TIE, NAME=Beam_to_Plate_3, TIED NSET = Plate_3_to_beam, NO THICKNESS 
Plate_3_Surface, Beam_Surface  
*TIE, NAME=Beam_to_Plate_4, TIED NSET = Plate_4_to_beam, NO THICKNESS 
Plate_4_Surface, Beam_Surface 
*TIE, NAME=Beam_to_Plat_1_1, NO THICKNESS 
Plate_1_1_Surface, Beam_Surface 
*TIE, NAME=Beam_to_Plate_2_2, NO THICKNESS 
Plate_2_2_Surface, Beam_Surface 
***************************************    
**Material Definition 
*************************************** 
*MATERIAL, NAME=Flat 
*ELASTIC, TYPE=Isotropic 
203000, 0.3 
*PLASTIC 
311.0446036 , 0 
331.8202354 , 1.61765E-05 
352.6140679 , 6.99264E-05 
373.4558114 , 0.000234365 
394.4298722 , 0.000705496 
415.7628624 , 0.001980808 
421.1424446 , 0.002808024 
426.8273925 , 0.00432859 
432.8282035 , 0.006539232 
439.1553751 , 0.009435254 
445.8194046 , 0.013010576 
452.8307895 , 0.017257771 
460.2000272 , 0.022168115 
467.9376153 , 0.027731645 
476.054051 , 0.033937224 
484.5598318 , 0.040772609 
493.4654552 , 0.048224531 
502.7814186 , 0.056278774 
512.5182193 , 0.064920255 
522.686355 , 0.074133118 
533.2963229 , 0.083900812 
544.3586205 , 0.094206189 
555.8837453 , 0.105031584 
567.8821946 , 0.116358907 
580.364466 , 0.128169726 
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593.3410567 , 0.140445348 
606.8224644 , 0.153166903 
*************************************** 
*MATERIAL, NAME= Rigid 
*ELASTIC, TYPE=Isotropic 
2030000, 0.3 
*************************************** 
**Definition of cross-sections 
*************************************** 
*SHELL SECTION, ELSET = Beam, MATERIAL = Flat 
3 
*SHELL SECTION, ELSET = Plate_1, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Plate_2, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Plate_3, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Plate_4, MATERIAL = Rigid 
6 
*SHELL SECTION, ELSET = Plate_1_1, MATERIAL = Rigid 
3 
*SHELL SECTION, ELSET = Plate_2_2, MATERIAL = Rigid 
3 
*SPRING, ELSET=spring_restraint 
 
5000 
******************************* 
**Definition of Boundary conditions 
******************************* 
*BOUNDARY 
3010 , 1 , 2 
3011 , 1 , 2 
3012 , 1 , 2 
3013 , 1 , 2 
3014 , 1 , 2 
3015 , 1 , 2 
3016 , 1 , 2 
3017 , 1 , 2 
3018 , 1 , 2 
3010 , 5 , 6 
3011 , 5 , 6 
3012 , 5 , 6 
3013 , 5 , 6 
3014 , 5 , 6 
3015 , 5 , 6 
3016 , 5 , 6 
3017 , 5 , 6 
3018 , 5 , 6 
*BOUNDARY 
51010 , 1 , 2 
51011 , 1 , 2 
51012 , 1 , 2 
51013 , 1 , 2 
51014 , 1 , 2 
51015 , 1 , 2 
51016 , 1 , 2 
51017 , 1 , 2 
51018 , 1 , 2 
51010 , 5 , 6 
51011 , 5 , 6 
51012 , 5 , 6 
51013 , 5 , 6 
51014 , 5 , 6 
51015 , 5 , 6 
51016 , 5 , 6 
51017 , 5 , 6 
51018 , 5 , 6 
*BOUNDARY 
27010 , 3 
27011 , 3 
27012 , 3 
27013 , 3 
27014 , 3 
27015 , 3 
27016 , 3 
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27017 , 3 
27018 , 3 
*BOUNDARY 
542 , 1 
2542 , 1 
3542 , 1 
5542 , 1 
6542 , 1 
8542 , 1 
9542 , 1 
11542 , 1 
12542 , 1 
14542 , 1 
15542 , 1 
17542 , 1 
18542 , 1 
35542 , 1 
36542 , 1 
38542 , 1 
39542 , 1 
41542 , 1 
42542 , 1 
44542 , 1 
45542 , 1 
47542 , 1 
48542 , 1 
50542 , 1 
51542 , 1 
53542 , 1 
*BOUNDARY 
76826 , 1 
76830 , 1 
92826 , 1 
92830 , 1 
*********************************** 
Constraint equations for springs 
*********************************** 
*EQUATION 
2 
214046, 1, 1, 14034, 1, -1 
*EQUATION 
2 
214046, 2, 1, 14034, 2, -1 
*EQUATION 
2 
214046, 3, 1, 14034, 3, -1 
*EQUATION 
2 
215046, 1, 1, 15034, 1, -1 
*EQUATION 
2 
215046, 2, 1, 15034, 2, -1 
*EQUATION 
2 
215046, 3, 1, 15034, 3, -1 
*EQUATION 
2 
216046, 1, 1, 16034, 1, -1 
*EQUATION 
2 
216046, 2, 1, 16034, 2, -1 
*EQUATION 
2 
216046, 3, 1, 16034, 3, -1 
*EQUATION 
2 
217046, 1, 1, 17034, 1, -1 
*EQUATION 
2 
217046, 2, 1, 17034, 2, -1 
*EQUATION 
2 
217046, 3, 1, 17034, 3, -1 
*EQUATION 
2 
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218046, 1, 1, 18034, 1, -1 
*EQUATION 
2 
218046, 2, 1, 18034, 2, -1 
*EQUATION 
2 
218046, 3, 1, 18034, 3, -1 
*EQUATION 
2 
219046, 1, 1, 19034, 1, -1 
*EQUATION 
2 
219046, 2, 1, 19034, 2, -1 
*EQUATION 
2 
219046, 3, 1, 19034, 3, -1 
*EQUATION 
2 
220046, 1, 1, 20034, 1, -1 
*EQUATION 
2 
220046, 2, 1, 20034, 2, -1 
*EQUATION 
2 
220046, 3, 1, 20034, 3, -1 
*EQUATION 
2 
221046, 1, 1, 21034, 1, -1 
*EQUATION 
2 
221046, 2, 1, 21034, 2, -1 
*EQUATION 
2 
221046, 3, 1, 21034, 3, -1 
*EQUATION 
2 
222046, 1, 1, 22034, 1, -1 
*EQUATION 
2 
222046, 2, 1, 22034, 2, -1 
*EQUATION 
2 
222046, 3, 1, 22034, 3, -1 
*EQUATION 
2 
223046, 1, 1, 23034, 1, -1 
*EQUATION 
2 
223046, 2, 1, 23034, 2, -1 
*EQUATION 
2 
223046, 3, 1, 23034, 3, -1 
*EQUATION 
2 
224046, 1, 1, 24034, 1, -1 
*EQUATION 
2 
224046, 2, 1, 24034, 2, -1 
*EQUATION 
2 
224046, 3, 1, 24034, 3, -1 
*EQUATION 
2 
225046, 1, 1, 25034, 1, -1 
*EQUATION 
2 
225046, 2, 1, 25034, 2, -1 
*EQUATION 
2 
225046, 3, 1, 25034, 3, -1 
*EQUATION 
2 
226046, 1, 1, 26034, 1, -1 
*EQUATION 
2 
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226046, 2, 1, 26034, 2, -1 
*EQUATION 
2 
226046, 3, 1, 26034, 3, -1 
*EQUATION 
2 
227046, 1, 1, 27034, 1, -1 
*EQUATION 
2 
227046, 2, 1, 27034, 2, -1 
*EQUATION 
2 
227046, 3, 1, 27034, 3, -1 
*EQUATION 
2 
228046, 1, 1, 28034, 1, -1 
*EQUATION 
2 
228046, 2, 1, 28034, 2, -1 
*EQUATION 
2 
228046, 3, 1, 28034, 3, -1 
*EQUATION 
2 
229046, 1, 1, 29034, 1, -1 
*EQUATION 
2 
229046, 2, 1, 29034, 2, -1 
*EQUATION 
2 
229046, 3, 1, 29034, 3, -1 
*EQUATION 
2 
230046, 1, 1, 30034, 1, -1 
*EQUATION 
2 
230046, 2, 1, 30034, 2, -1 
*EQUATION 
2 
230046, 3, 1, 30034, 3, -1 
*EQUATION 
2 
231046, 1, 1, 31034, 1, -1 
*EQUATION 
2 
231046, 2, 1, 31034, 2, -1 
*EQUATION 
2 
231046, 3, 1, 31034, 3, -1 
*EQUATION 
2 
232046, 1, 1, 32034, 1, -1 
*EQUATION 
2 
232046, 2, 1, 32034, 2, -1 
*EQUATION 
2 
232046, 3, 1, 32034, 3, -1 
*EQUATION 
2 
233046, 1, 1, 33034, 1, -1 
*EQUATION 
2 
233046, 2, 1, 33034, 2, -1 
*EQUATION 
2 
233046, 3, 1, 33034, 3, -1 
*EQUATION 
2 
234046, 1, 1, 34034, 1, -1 
*EQUATION 
2 
234046, 2, 1, 34034, 2, -1 
*EQUATION 
2 
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234046, 3, 1, 34034, 3, -1 
*EQUATION 
2 
235046, 1, 1, 35034, 1, -1 
*EQUATION 
2 
235046, 2, 1, 35034, 2, -1 
*EQUATION 
2 
235046, 3, 1, 35034, 3, -1 
*EQUATION 
2 
236046, 1, 1, 36034, 1, -1 
*EQUATION 
2 
236046, 2, 1, 36034, 2, -1 
*EQUATION 
2 
236046, 3, 1, 36034, 3, -1 
*EQUATION 
2 
237046, 1, 1, 37034, 1, -1 
*EQUATION 
2 
237046, 2, 1, 37034, 2, -1 
*EQUATION 
2 
237046, 3, 1, 37034, 3, -1 
*EQUATION 
2 
238046, 1, 1, 38034, 1, -1 
*EQUATION 
2 
238046, 2, 1, 38034, 2, -1 
*EQUATION 
2 
238046, 3, 1, 38034, 3, -1 
*EQUATION 
2 
239046, 1, 1, 39034, 1, -1 
*EQUATION 
2 
239046, 2, 1, 39034, 2, -1 
*EQUATION 
2 
239046, 3, 1, 39034, 3, -1 
*EQUATION 
2 
240046, 1, 1, 40034, 1, -1 
*EQUATION 
2 
240046, 2, 1, 40034, 2, -1 
*EQUATION 
2 
240046, 3, 1, 40034, 3, -1 
*********************************** 
*STEP, NLGEOM, INC = 60 
*STATIC, RIKS 
0.01, 1, 0.0000000000001,1 
*MONITOR, NODE = 19034, DOF = 2  
*CLOAD 
76828 , 2 , -10000 
92828 , 2 , -10000         
*END STEP       
 
 
 
 
 
 
 
